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Chapter 7

Summary and Future scope

7.1 Summary

In the present thesis work, high spin level structures of odd-Z 199Tl, odd-N 199Hg and odd-odd

200Tl nuclei, of A∼200 mass region near Z = 82 have been studied and the effect of the available

high-j orbitals on the shape of these nuclei have been investigated using the techniques of high

resolution in-beam γ ray spectroscopy. The information of the yrast and near yrast levels

at high and moderate spins have been considerably extended with definite spin parity were

determination for most of the levels. The newly observed band structures, identical partner

bands and single particle levels are compared with the systematics of the neighboring nuclei

and interpreted in the light of contemporary theoretical calculations. The nuclei of interest

(199Tl(Z = 81, N = 118), 199Hg (Z = 80, N = 119) and 200Tl (Z = 81, N = 119)) in the present

thesis work are situated just one neutron or proton away from each other, yet exhibits variety

of structures. The shapes and level structures of these nuclei are found to be highly dependent

on the individual effect of the proton and neutron single particle orbitals as well as on the

interplay of them with the core.

The excited states of the nuclei studied in the present thesis were populated by using both

heavy and light (α beam) ion induced fusion-evaporation reactions. Both 199Tl and 199Hg were
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populated using the α beam from K-130 Cyclotron, Kolkata whereas the high spin states of

200Tl were populated by 7Li beam from BARC-TIFR Pelletron facility, Mumbai. The advantage

of using α beam is to get a uniquely populated channel at a particular energy with a population

of many near-yrast exotic structures involving different high-j orbitals which is one of the main

aim of the present work. The Compton Suppressed Clover HPGe detectors of Indian National

Gamma Array (INGA) at VECC, Kolkata and TIFR, Mumbai were used to detect the de-

exciting γ rays and the time stamped data were collected using digital data acquisition system

in singles as well as double coincidence trigger conditions to study the properties of 199Hg

and 200Tl nuclei respectively. A in-house array (VENUS) with six Compton suppressed Clover

HPGe detectors and a VME base data acquisition system with analogue electronics set up was

used at VECC for the collection of list mode data for 199Tl and partly for 199Hg experiments.

Symmetric and asymmetric γ− γ matrices have been built from the raw data and analyzed for

obtaining the coincidence relationships and determining the DCO ratio, IPDCO ratio values

to obtain the spins and parities of the levels. The coincidence relation verification from γ − γ

matrix and γ − γ − γ coincidence cube, intensity balance of the feeding and decaying γ rays

from a particular level and angular distribution measurements were also performed for proper

placements and proper assignments of multipolarity of the γ rays in the level scheme where

and when needed.

The shapes and the properties of the nuclei, obtained experimentally in this thesis work, were

interpreted in the framework of cranked shell model calculations using Woods-Saxon potential

including Struntisky shell correction and pairing correlation. The total Routhian surfaces (TRS)

were calculated as a function of Frequency using this model in the β2 − γ deformation mesh

points with minimization on hexadecapole deformation β4. The minima in these plots give the

equilibrium deformation of the nuclei.

The spectroscopic information of 199Tl has been enriched considerably through the observation

and placement of 53 new transitions in the level scheme and assigning the spins and parities

to the different levels. A few near-yrast structures involving the intruder πh9/2 have been

observed in this odd-mass nucleus and extended beyond the band crossing. It has been observed,

while comparing the band structures with the other neighbouring odd-A Tl isotopes, that the
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remarkable similarity of the first few states belonging to the πh9/2 band in odd-A Tl nuclei

continues to persist till the N = 118 isotope. However, after the band crossing of the yrast

states, the 3-quasi particle (qp) configuration πh−1
9/2 ⊗ νi213/2, in all lighter odd mass Thallium

isotopes, become non-yrast at N = 118 for 199Tl. From the alignment plot it has been found

that a neutron pair alignment in νf5/2 or in νp3/2, with a lesser alignment gain, becomes more

favourable than a pair breaking in νi13/2 and the yrast configuration (for band B2 in Fig. 4.5 in

Chapter 4) changes to πh−1
9/2 ⊗ ν(f5/2/p3/2)

2 in 199Tl which continues to be present in the next

odd-mass 201Tl isotope as well. A new positive parity band (band B3 in Fig. 4.5 in Chapter

4.) with almost the same initial alignment as in band B2 has been found in 199Tl, which is

interpreted to generate from πh−1
9/2 ⊗ (νi13/2 ⊗ νj−)

2 configuration where j− = f5/2, p3/2. A new

11/2− state, which is already reported in neighbouring Au nuclei with a band structure above

it, has been identified for the first time in this nucleus and has been interpreted as due to the

involvement of the πh11/2 orbital. However, no band structure has been found to be built above

it. The TRS calculations suggest oblate deformation for the 1-qp negative parity πh9/2 band,

whereas the low-lying 1-qp πs1/2 positive parity band (B5) appears to be near spherical, which

are in good agreement with the experimental observation. A shape evolution from γ-soft shape

to a triaxial shape at higher frequency, through an axially deformed oblate shape, is predicted

for the 3-qp positive parity band. However, with limited spin obtained through α-induced

reaction in 199Tl, this triaxial shape cannot be confirmed experimentally from the present data.

Three new near yrast band structures as well as a few single particle levels in 199Hg have been

established with the placement of 31 new transitions in the level scheme. The yrast νi13/2

band has been extended beyond 25/2+ for the first time and found to continue with the same

configuration (νi113/2) up to 31/2+ spin through non yrast states. It has been noticed that the

similarities of the low-lying states in the decoupled νi13/2 band in odd-A Hg nuclei continues

to persist up to the N = 119 isotope. The non-observance of the pair breaking in the νi13/2

orbital, is the striking difference of the 3-qp structures in the neighbouring lighter odd mass Hg

isotopes. This has been interpreted as due to Pauli blocking effect of the odd neutron in the

last available space in i13/2 orbital as the neutron number reaches N = 119 in case of 199Hg. A

non-yrast ∆I = 2, E2 band is observed to decay to the yrast νi13/2 band through a set of ∆I = 1
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transitions, of predominantly E2 character. A comparison of the calculated Polarization and

DCO ratio values for one of the ∆I = 1 connecting transitions (945 keV) (from band B2 to

band B1 in Fig. 5.3 in chapter 5) with the experimental values yields a large E2 mixing ( 78%).

All the other connecting transitions are also found to be predominantly E2 from their DCO

and IPDCO ratio values. The experimental findings, therefore, indicate towards the possible

observation of wobbling band, in this mass region for the first time. The wobbling bands are the

signature of triaxiality in nuclei. Since the neighbouring region is established as a rich ground

to find triaxial shapes from the earlier studies, the possibility of the appearance of this kind

of exotic structure is expected in 199Hg. The increasing value of wobbling energy, Ewobb as a

function of spin suggests 199Hg nucleus as a longitudinal wobbler which involves a odd neutron

in high-j i13/2 orbital. Along with the observation of nω = 0 (band B1) and nω = 1 (band B2)

band, another rotational band with same parity (band B3) is also identified in 199Hg which

decays to the band B1 as well as to the band B2. This could be interpreted as the nω = 2

wobbling partner band. But as this band is not well extended in spin, the nature of it could

not be confirmed in the present thesis. Another new partner band with 23/2+ (same parity as

the yrast band) as the band head, has been established for the first time and interpreted as the

signature partner band of the yrast 1-qp νi13/2 band.

A negative parity semi-decoupled band has also been observed in the present work and the

spins and parities of the states, which were tentatively assigned previously, are confirmed in

the present thesis with the help of polarization measurements. It has been found that the

states, belong to this band, is continued up to 39/2− spin with the same (νi13/2)
2 ⊗ ν(j−)

1

configuration, where j− = f5/2, p3/2, p1/2.

The combined effect of neutron (i13/2) and proton (h9/2) high-j orbitals on the shape of the

nucleus near A∼200 mass has been explored by studying the level structures of 200Tl (Z =

81, N = 119). The high spin states of 200Tl has been extended significantly, up to the spin of

22~ and excitation energy of ∼ 5.2 MeV, through the observation and placement of 60 new

transitions in the level scheme. A few band structures involving the intruder πh9/2 and high-j

neutron orbitals have been observed in this odd-odd nucleus. The shape driving effect of the

πh9/2 orbital plays important role to drag the nucleus towards oblate deformation, in spite
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of being close to 208Pb (Z = 82, N = 126) magic nucleus. The systematics of the 200T l are

compared with the band structures in the other odd-odd Tl isotopes. It has been observed that

the πh9/2⊗νi13/2 band in the odd-odd Tl nuclei still exists up to N = 119 neutron number and

a strongly coupled band structure has been formed. The band crossing for the main yrast band

are interpreted to be generated from a pair of neutron alignment in the νi13/2 orbital which

is the case for the lighter even mass Thallium isotopes as well. The shapes corresponding

to the different bands, and band crossing phenomena have been discussed in the light of the

cranking model calculations. Oblate deformation is obtained for the 2-qp bands in 200Tl while

interestingly, the 4-qp band seems to have a triaxial deformation. The band crossing frequencies

and the alignment gains in these bands are in good agreement with the cranking calculations.

The calculations also predict that the πh9/2⊗νi13/2 band becomes γ-soft after the band crossing

due to the alignment of a pair of neutrons in the νi13/2 orbital. It would be interesting to extend

the 4-qp bands to higher rotational frequencies to compare their shape and alignment gains.

In the present thesis it was found that the high-j proton or neutron orbitals highly influence the

shapes of the Tl and Hg nuclei in such a way so as to induce deformation near Z = 82, N = 126

spherical shell closure, which resulted into deformed band structures. The even A Hg nuclei

(which can be considered as the underlying even-even core of these nuclei studied in this thesis

work) are observed to have a decoupled band structure based on slightly oblate shape. With an

extra proton occupying the shape driving Ω = 9/2 projection of intruder πh9/2 orbital, with a

little excitation energy, the nuclei are driven towards deformation and a strongly coupled band

has been observed in both 199Tl, 200Tl nuclei. On the other hand, the effect of single neutron in

the Ω = 1/2 projection of high-j νi13/2 orbital generates a non-yrast band structure in odd mass

199Hg nucleus (with a band head of 15/2+) along with the νi13/2 decoupled band, which is a

possible wobbling partner band, indicating triaxial shape. All the nuclei studied in the present

thesis show that the proton pair alignment is less favourable than the neutron pair alignment

in the available orbitals. Beyond mass A∼200 the band structure is absent for all the Hg and

Tl nuclei. Therefore, it may be inferred that the N = 120 is considered as the boundary of

deformed structure, after which the Tl and Hg nuclei show near spherical shape and the excited

states are mostly of single particle structures. It may be noted that, with N = 120 the νi13/2
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orbital is full and the effect of this shape driving orbital is absent beyond N = 120 to deform

the nucleus.

7.2 Future Scope

The exciting results of the present thesis work draw interest for further studies in both experi-

mental and theoretical directions, such as:

For 199Tl nucleus a new 11/2+ level has been found to exist. A band structure on the top of

this level has been observed in all the nearby Au nuclei (Z = 79) which is interpreted as of

πh11/2 configuration. This level in
199Tl is also interpreted to be generated from the proton h11/2

orbital, but no band structure has been observed above it. It will be interesting to investigate

the band structure, build on the πh11/2 for the odd mass Thallium nuclei, as seen in all nearby

Au nuclei. This will provide an important information as weather Z = 79 (Au nuclei) are

the limit for the πh11/2 orbital to induce deformation i.e. the extent of the πh11/2 orbital to

influence a deformed shape in a nucleus close to proton shell closure Z = 82.

In the study of 199Hg, many non yrast band structures have been observed. One of them

is showing the signature of possible wobbling motion. To confirm this, the mixing ratios of

all the connecting transitions from the proposed wobbling bands to the yrast band have to be

determined. Therefore further experiment to populate the non-yrast states of 199Hg with higher

statistics is warranted. Also the search for this similar kind of structures in nearest odd isotope

197Hg as well as in lighter odd mass Hg isotopes is obvious and seeks immediate attention. The

analogous lower lying states similar to that of the proposed wobbling band have already been

reported in 191−195Hg. But the higher states of the same configuration and the nature of the

connecting transitions are yet to be discovered. As the nuclei in mass region A∼190-200 are

prone to triaxial shapes, as already reported in 194,195,198Tl as a form of chirality, the wobbling

mode of excitation of a triaxial nucleus may be a possible to be present in these nuclei.

Along with all the possible future experimental endeavor for the odd mass Hg nuclei in this

region, theoretical calculations are also necessary as a part of the important investigation to
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establish the wobbling structure in odd mass Hg nuclei for the first time. However, wobbling

motion is a manifestation of a triaxial nucleus. The structures of band B1 and B2 in 199Hg are,

therefore, indicate the possibility of triaxial shape. This seeks an urgent validation via crank-

ing model calculations with Woods-Saxon potential. Though the observed levels in 191−193Pt,

analogous to that of 199Hg, were well reproduced with Triaxial Rotor Model calculations, the

current study does not include any theoretical canvas to interpret the wobbling motion in

199Hg. Therefore, the yrast and non yrast states observed in 199Hg are needed to be reproduced

through model based calculations (like Triaxial Rotor Model or Tilted axis Cranking model)

for the possibility of presence of γ deformation in this nucleus.

The investigation in the present thesis work, along with the results of the similar works done

in recent past, establishes the effect of this intruder orbitals near the heaviest known proton

spherical shell closure at Z = 82 to induce deformation (both axial and triaxial) in nuclei of

A∼190-200 region. It would be interesting and important to extend such studies for the heavier

nuclei close to the heaviest known neutron shell closure at N = 126 to investigate the effect of

the neutron intruder orbitals (with even higher j).

Another important aspect, which has not been addressed in the present thesis work, is the

investigation of the presence and decay of the possible isomers at higher excitation energies in

these nuclei. As the excitation energy increases, more and more particles will be occupying the

high-j (h9/2, i13/2) orbitals. This would generate high angular momenta in these nuclei which

would form yrast traps.
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SUMMARY

In the present thesis, the effect of odd particle (nucleon) occupying high-j orbitals in driv-

ing the spherical structure of nuclei near shell closure towards deformation and generating

higher angular momentum states, has been explored. For this purpose the structures of three

neighbouring odd-even, even-odd and odd-odd nuclei below Z = 82 shell closure, viz., 199T l

(Z = 81, N = 118), 199Hg (Z = 80, N = 119), 200T l (Z = 81, N = 119) have been experi-

mentally investigated using γ-ray spectroscopy methods. For 199T l, the odd valance proton is

responsible for the generation of the lower lying states as single particle excitations and the

collective features are observed for the band built on the high-j πh9/2 orbital. For 199Hg, the

protons are paired and the level structures are solely depend on the odd neutron. By studying

both the 199T l and 199Hg nuclei, the individual effect of single neutron and single proton on the

spherical core can be explored. The effect of both proton and neutron single particle excita-

tions, as well as the residual interaction between them, can be well understood by investigating

the odd-odd 200T l, with one odd proton and one odd neutron with respect to the closed 198Hg

core.

In the present thesis work, the excited states of the 199Tl and 199Hg were populated using

the α beam from K-130 Cyclotron, Kolkata and the high spin states of 200Tl were populated

using 7Li beam from BARC-TIFR Pelletron-LINAC facility, Mumbai. The yrast and near-

yrast structures of these nuclei are studied using the VECC Array for NUclear Spectroscopy

(VENUS) and Indian National Gamma Array (INGA) setup, consisting of Compton suppressed

Clover HPGe detectors.

The spectroscopic information for each nuclei are extended considerably with the observation

of several new transitions and the assignment of spins and parities to the newly found band

structures as well as single particle levels.

Both the odd and even mass Thallium (199−200Tl) nuclei, are found to have strongly coupled

band structure, based on πh9/2 orbital and extended beyond the band crossing frequency.

Appearance of many non yrast bands, involving other available orbitals, indicates a structural

change beyond N = 120 as the neutron number is approaching N = 126 magic shell closure.
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The collective structures based on the deformed core are found to persist till the N = 120 for

the Thallium (Z = 81) nuclei, after which the single particle structure dominates. The odd

mass 199Hg are situated in the transitional region of triaxial Pt (Z = 78) nuclei and spherical

Pb (Z = 82) nuclei, which make it a suitable candidate to observe the competition between the

single particle excitations and collective structures. The observation of few collective bands, as

the partners of the decoupled νi13/2 band, indicates a non-axial shape for this nucleus and the

possibility of the appearance of the multi-phonon bands is explored. A new signature partner

of the yrast band of 199Hg is proposed in the present work.

The present thesis explored the role of the high-j orbital (mainly πh9/2 and νi13/2) in nuclei

near A∼200 region and below Z = 82 shell closure. It is found that the band structures still

persist up to N = 120 neutron number, after which the collective features diminish due to the

unavailability of the νi13/2 orbital near the Fermi level in Thallium and Mercury nuclei.
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Chapter 1

Introduction

The journey to know the atomic nucleus as a hadronic many-body system and the era of nuclear

physics research began when Ernest Rutherford proposed its existence in 1911 [1] by the first

nuclear reaction experiment by bombarding α particles on a gold foil. Bohr was the first

person who helped us to understand the nucleus with a simple model explaining Rutherford’s

experiment in 1913 [2]. Initially the nuclei were assumed to be of spherical shape till 1924

when Wolfgang Pauli,s suggestion leads us to understand that an excited nucleus could exist in

a variety of shapes. In 1936 the proposal of Bohr and Fritz Kalckar suggested that the shape

of a nucleus could be probed by measuring the gamma-ray photons decaying from an excited

nucleus [3]. Since then, over 80 years, gamma-ray spectroscopy is considered and established

as an essential tool to probe the structure of atomic nuclei exploring its various nature. First

in 1939, the Liquid Drop Model (LDM) was proposed by Niels Bohr which could explain the

most of the bulk properties (like binding energy) of nuclei known till then [4]. But it needed

a quantum background to explain a few phenomena like the magnetic moments, two neutron

or two proton separation energies etc. at nucleon numbers 2, 8, 20, 28, 50, 82 and 126, the

so-called “magic numbers”. The nuclei possessing protons or neutrons equal to these magic

numbers, show extra stability with respect to the binding energy which gave rise to the concept

of the most successful model ”shell model” [5] involving quantum property in it. Nucleus mainly

exhibits two kinds of behaviour: single particle and collective excitations. Our knowledge of
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Figure 1.1: A schematic showing a sample of various nuclear structure phenomena, discovered

from the 1980s to recent years.

behaviour of a nucleus is mainly owe to Aage Bohr, Ben Mottelson and James Rainwater who

developed a theory based on the relationship between collective and single particle motion in

the nucleus [6, 7, 8] which earned them a Nobel Prize in physics in 1975. Over the last and

present centuries, many nuclear models have been developed and based on that, the theoretical

interpretations of the experimental findings have been proposed to know the nature of the

behaviour of the nucleus under various conditions. But the exact nature of the nuclear force

is yet to be known, even after 100 years of its discovery. In this regards the NUCLEUS is still

very much young and still surprises us with its exotic behaviour appearing as a function of

excitation energy and angular momentum. A few of the phenomena has been depicted in the

Fig. 1.1.

The strongly interacting fermions inside a nucleus display a remarkable diversity of phenomena

and symmetries, which probably would not have been possible to observe without the combina-
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tion of modern heavy and light-ion accelerators and multi-detector γ ray arrays. Availability of

the state-of-the art γ ray detector arrays and variety of energetic beams from modern acceler-

ators, led to reveal a series of new, exotic and often unexpected nuclear structure phenomena.

The key issue, which concerns most of the experimental endeavors probing the properties of

nuclei at high spin and energy, is the generation of angular momentum in nuclei by various

modes of excitation. There are mainly two basic modes: Single particle excitation and col-

lective excitation. The first: single particle (nucleon) excitations are experimentally observed

as the complex, irregular excitation pattern of spherical or weakly deformed nuclei, having

their nucleon number (neutron or proton number or both) in the proximity of the so called

magic numbers. These single particle excitations reveals the intrinsic structure of the nucleus,

involving the available single particle orbitals near Fermi surface. The second: the collective

mode of motion reflects a regular sequence of energy levels as a function of angular momen-

tum. Mainly the nuclei having nucleon number away from the shell closures exhibit such kind

of excitations with deformed structure. The collective states are mainly the manifestation of

different types of deformation and the underlying symmetries. The prolate or oblate shapes

of nuclei are experimentally observed as the regular rotational energy level sequences. The

phenomena, representing the triaxial shape of nuclei are very rare to observe experimentally.

Recently, with the availability of modern high efficiency gamma-arrays, these rarely observed

experimental phenomena were become possible to be explored. The triaxial shapes, which are

related with the exotic phenomena like Chiral symmetry breaking or Wobbling motion of nuclei

has gained its added attention of the researchers. The interplay of the single particle & collec-

tive excitation has remain a subject of intense discussion over the past couple of decades. An

even more interesting aspect of the present day nuclear structure study is concerned with the

shape polarization effect of the single particle orbitals in heavy nuclei with proton and neutron

Fermi levels near the spherical shell closures.

A nucleus can be populated to its excited states and at high angular momenta by a few processes,

such as, fusion evaporation reaction, Coulomb excitation, transfer reaction, β-decay, nuclear

fission etc. Among them, the transfer reaction and the β-decay populate the nuclei with limited

angular momentum. In order to reach high spins, fusion-evaporation reaction provides the
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most efficient way to populate the nucleus at high excitation energy and spin with reasonable

cross section. The population of nucleus in the energy-angular momentum space depends

on the reaction mechanism. The state, which is energetically lowest for a particular angular

momentum, is usually called the yrast state. The other higher energetic states corresponding

to the same angular momentum are called non-yrast states. The virtual line, connecting the

set of observed yrast states is called the yrast line and no states exist below this yrast line. In

heavy-ion induced fusion evaporation reaction, the nulcei are produced with sufficient energy

as well as angular momentum. After few particle evaporation and emission of few γ rays,

the nuclei come near the yrast line and then mostly decay through the yrast line upto the

ground state. Whereas, in light-ion induced fusion evaporation reaction, the “entry” states [4]

of the nuclei after particle evaporation are situated far from the yrast line and in this case,

the nucleus passes through many non-yrast or near yrast states via γ decay. It is important to

study both these two types of population of excited states and corresponding decay pathways,

as they probe complimentary structures in an excited nucleus. In particular, the non-yrast

excited states exhibit single particle as well as some of the low lying symmetry breaking exotic

structures.

The nuclei near the magic shell closures are vast laboratories to test the interplay between the

single particle excitations and collective behaviour. The excitations in the nuclei with proton

number near Z = 82 magic number are expected to show single particle structures due to

the proximity of spherical shell closure. Indeed, for 207T l (Z = 81, N = 126), the spins and

parities of a few low lying states were interpreted as originated primarily due to the proton-

hole excitation in the available orbitals near the Fermi level [11, 12]. As per the spherical

shell model picture, the πs1/2, πd3/2, πh11/2, πd5/2 orbitals are available for the odd proton-hole

with respect to the doubly magic 208Pb (Z = 82, N = 126) core, which generates the lowest

four states in 207T l, namely 1/2+, 3/2+, 11/2−, 5/2+. Similarly, the low lying states in 209Bi

(Z = 83, N = 126), which has only a single valance proton particle outside the Z = 82 and

N = 126 shell closures, could be interpreted as the pure proton single particle states. The

spins and parities of few low-lying states in 209Bi are 9/2−, 7/2−, 13/2+, 5/2− [13], which are

interpreted as generated from the h9/2, f7/2, i13/2, f5/2 orbitals, respectively, which lie above the
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Z = 82 proton shell closure. On the other hand, the 9/2−[505] and 1/2−[541] components of the

high-j πh9/2 orbital, situated above the Z = 82 shell closure, comes down in energy and intrude

below the Z = 82 shell for oblate and prolate deformations, respectively. These orbitals can

then be accessible by the valance proton in Tl nuclei at a reasonably low (∼1 MeV) excitation

energy. Moreover, the high-j νi13/2 orbital, situated just below the N = 126 shell closure, also

has the similar shape driving property. These orbitals are, therefore, instrumental in breaking

the spherical symmetry of a nucleus and induce deformation. The presence of unique parity

high-j orbitals leads to the observation of long live isomers in the isotopes situated below Z = 82

shell closure. The effect of these proton and neutron orbitals on the structure of a nucleus can

be better studied in Tl (odd-Z) and odd-N Hg (Z = 80) nuclei in A = 200 region having

neutron number below N = 126. Due to the induced deformation for those high-j orbitals,

these nuclei, are often observed to form, strongly coupled as well as decoupled band structures,

built on the isomeric states involving high-j orbitals. The odd mass Thallium nuclei mainly

show rotational oblate band structures based on πh9/2 orbitals in
191−201Tl [20, 21, 16, 17, 18],

whereas for odd mass Hg nuclei (191−199Hg), the νi13/2 orbital is responsible for the appearance

of decoupled band structures with small deformation [17, 18, 15, 22, 28] at very low excitation

energy. In odd-odd nuclei below Z = 82, N = 126 shell closure, both odd proton and odd

neutron can occupy high-j orbitals. The strongly coupled oblate band structures is observed

in even mass (odd-odd) Thallium isotopes(190−200Tl) [7, 8, 26, 10, 11, 12] with πh−1
9/2 ⊗ i13/2

configuration. Beyond N = 120 these band structures are not observed both in Thallium

and Mercury nuclei. Instead, their level structures are mainly dominated by single particle

excitations as reported in 202,203,206Tl [4, 23, 5] and 202,203,204,205Hg [33, 34, 35]. This transition

of the excitation pattern in nuclei around A∼200 region with increasing neutron number needs

more experimental attention to understand the physics underneath.

The availability of high-j orbitals for both protons and neutrons gives rise to the possibility

of observation of variety of new structural effects in these nuclei. For odd-odd isotopes in

A∼200 region, angular momenta of the valance proton, neutron and the core, generate differ-

ent deformed band structures, depending on the relative orientations of the angular momentum

vectors. If the three angular momenta are in a planer geometry, then a sequence of M1 tran-
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sitions (a dipole band) is expected. This is interpreted as to be generated from the scissor

like structure of the angular momentum vectors of the two valance particles and are known as

magnetic rotation(MR) band. This type of structure has been reported in a few nuclei in this

region, e.g. 194T l [26] and 198Bi [36] which satisfy the above orientations. Unlike the magnetic

rotational band, the three-dimensional orientation of the angular momenta of the odd quasi-

particles and the collective rotation of the core can be in a aplaner geometry, for a triaxial

shape. This three angular momenta can be represented by a left-handed or right–handed orien-

tation defining the chiral geometry of the system. In order to realize the MR and chiral bands

in nuclei, the angular momentum of the involved particle and hole need to be large. In case of

MR band, the larger the particle and hole angular momentum, the band can be extended up

to higher spins, and is experimentally easier to identify. On the other hand, the chiral doublet

bands can be realized only for a triaxial nucleus with the odd particles occupying high- and

low-Ω orbitals (Ω is the projection of the single particle angular momentum j on to the sym-

metry axis). Availability of high-j protons and neutron orbitals(h9/2, i13/2) and the occupation

of the Ω = 9/2 of the high-j h9/2 orbital by the proton particle and the lowest projection

(Ω = 1/2, 3/2) of high-j i13/2 orbital by the neutron hole, makes the Thallium nuclei of mass

200 region good candidates to exhibit the MR and chiral symmetry breaking phenomena, which

is one of the experimental signature of triaxiality. Degenerate rotational bands, interpreted as

the chiral partner bands have already been reported recently in 194,195,198T l [37, 16, 38]. The ev-

idence of triaxial shapes are also reported in 190-200 mass region for Platinum nuclei (Z = 78)

191Pt, 193Pt [5, 6]. Therefore Mercury (Z = 80) nuclei, below Z = 82, are also expected to

show signatures of triaxiality. On the neutron deficient side, the nuclei below N = 120 also

show super-deformed bands in 191,193,195T l [41, 42, 43] and 193Hg [44] isotopes. Whereas for the

nuclei above N = 120, complex single particle structure arises due to the octupole excitation

in 204,205T l [6, 24]. Therefore, the transition region near N = 120 for Thallium (Z=81) and

Mercury (Z = 80) nuclei are of great interest to discover such exotic phenomena and explore

the competition between single particle and collective behaviour, governed by the deformation

and the relative orientations of the angular momentum vectors.
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As the nuclei, beyond Z = 82 are difficult to produce experimentally using fusion evaporation

reaction, information about the orbitals beyond Z = 82 shell closure are limited. The study of

the evolution of these high-j orbitals (i.e. πh9/2, πi13/2), which are intruding from upper shell,

provides valuable information about the single particle excitations as a function of excitation

energy beyond the Z = 82 magic shell closure. The theoretical calculations are also very much

dependent on the experimentally observed single particle levels to predict the existence of the

next new spherical or deformed magic number in this region.

The presence of different kinds of single particle as well as collective nature of excitations de-

mands the complete study of yrast as well as near yrast states of the nuclei near 200 mass

region. The low lying states at moderate spin are often found to decay through many non-

stretched transitions. The investigation of multi-polarity and the nature of the stretched and

non-stretched transitions are necessary to uniquely identify the spins and parities of the states

associated with it. Using α or other light ion beams, the the non-yrast structures of the desired

nuclei can be probed with sizable cross section. A Compton-suppressed Clover HPGe detector

array is, therefore, not only necessary but also an inseparable part of the experiments. Other

than the sufficient number of detectors to increase the γ−γ coincidence efficiency, the arrange-

ment (angular orientation) of the detectors is equally important to achieve the information of

the multi-polarity through DCO ratio, angular distribution (or angular correlation) measure-

ments and also the information about polarization of the transitions to determine the parity of

the decaying states.

In the present thesis, the effect of the odd nucleons, occupying high-j orbitals, in driving

the structure of nuclei towards deformation and their influence in generating higher angular

momentum states in these nuclei, has been explored. For this purpose the structure of three

neighbouring odd-even, even-odd and odd-odd nuclei below Z = 82 shell closure, viz., 199T l

(Z = 81, N = 118), 199Hg (Z = 80, N = 119) and 200T l (Z = 81, N = 119) has been

experimentally investigated using γ ray spectroscopy method. For 199T l, the odd valance proton

is responsible for the generation of the low lying states whereas, for 199Hg the protons are

paired and the level structure are solely depends on the single particle levels occupied by the

odd neutron. By studying both the 199T l and 199Hg nuclei, the individual effect of the single
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neutron and the single proton on the spherical core can be explored. The combined effect of

both proton and neutron single particle levels, as well as the residual interaction between them

can be well understood by studying the odd-odd 200T l (Z = 81, N = 119) which has an extra

odd proton and neutron with respect to the 198Hg core.

Different near yrast structure of 199T l that has been studied experimentally by fusion-

evaporation reaction are presented. The shape driving effect of the πh9/2 orbital, induce oblate

deformation and thus bring collectiveness into the system and strongly coupled band structure

built with 9/2− as band head. Due to the large spin difference between the high-j π h9/2

orbital and the other low lying states corresponding to πs1/2, π d3/2 orbitals the 9/2− state

becomes isomer. The neutron number for 199T l is 118, which is close to N = 126 shell closure

and thus with a little excitation energy the neutron pairing is also probable to break. Though

the oblate structure still persist upto 201T l [18] (N = 120), with further increasing neutron

number odd mass Thallium nuclei have not exhibited collective structures, rather reported to

have core excited states [24]. In the present thesis the 199T l nucleus was produced by 30 MeV

α beam at VECC, Kolkata K-130 cyclotron. The level scheme has been extended significantly

beyond band crossing. DCO (Directional Correlation from Oriented states), IPDCO (Inte-

grated Polarization Directional Correlation from Oriented states) ratio (defined in chapter 3.)

and Angular distribution were used to determine the spin and parity of the newly observed

states. The band crossing in the yrast band based on π h9/2 and in the partner bands has been

discussed considering the pair breaking in the available orbitals near proton and neutron Fermi

levels. Many non-yrast states have been observed due to the population of the excited states

via light ion induced (α) reaction. Few states are also observed which bypass the 9/2− isomer.

Total Routhian Surface (TRS) calculation has been performed which indicates the deformation

for the different states observed in 199T l. The band structures and the possible occurrence of

collectivity are discussed in comparison with the neighbouring nuclei.

The effect of a single neutron particle on the spherical core has been studied in 199Hg. With

proton number paired (Z = 80) and being very closed to Z = 82 shell closure, the protons

are more or less behaving inert so far as to generate the excited states in Mercury nuclei. The

presence of high-j neutron orbital near the neutron Fermi level and accessed by the odd neutron
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produce low-lying spin gap isomer and a decoupled band structure on that. Such decoupled

bands have been reported in all the nearby odd mass Hg nuclei [15, 18, 22, 28] and has been

described as the coupling of a decoupled νi13/2 neutron with the states of corresponding even

Hg core [35]. The use of α-beam from the K − 130 cyclotron, Kolkata to study 199Hg resulted

the population of its moderate spin states. The yrast and near yrast states of the nuclei has

been populated and studied using VENUS (VECC Array for NUclear Spectroscopy) set up,

consisting of 6 Compton Suppressed Clover HPGe detectors. The yrast states are identified as

the decoupled rotational band based on νi13/2 orbital with 13/2+ band head. A recent study by

Negi et. al. [29] also populated the high spin states of 199Hg by multinucleon transfer reaction

and extended the semi-decoupled band structure on 21/2− spin. They have also found a new

band based on the tentatively assigned 33/2+ state. But they could not extend the yrast νi13/2

band beyond 25/2+ spin. Whereas, the yrast band of same configuration in lower mass odd-

A Hg isotopes are extended upto 41/2+ spin. One of the motivation to study 199Hg in the

present thesis was to investigate the reason of the non observance of this band beyond 25/2+

spin. In the present study the levels beyond 25/2+ spin have been identified, which belong to

semi-decoupled band. In all other lower mass odd Hg isotopes the νi13/2 bands experience a

back-bending with a i13/2 neutron pair alignment, which is absent for the 199Hg nucleus. Most

importantly, the present study could identify the signature partner of the νi13/2 band for the

first time. The appearance of various non-yrast bands with the underlying symmetry breaking

phenomena, as well as the possibility of exotic shapes in this region, are discussed in the present

work.

The combined effect of both neutron and proton orbitals on the core can be well investigated

in the platform with odd-odd nucleus. 200Tl (Z = 81, N = 119) nucleus is a good candidate to

test the effect of both neutron and proton on the spherical 198Hg core as well as to extend the

knowledge of the interactions between available neutron and proton orbitals. As the neutron

number increases towards N = 126 shell closure, it is an open question whether the shape

driving effects of the proton as well as neutrons are strong enough to stabilize the triaxial

shape, so that band structure similar to the chiral doublet bands reported in lighter Thallium

isotopes still persists for the heavier odd-odd Tl isotopes. The high spin states of 200Tl have been
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populated using 7Li beam from the BARC-TIFR Pelletron LINAC facility and INGA (Indian

National Gamma Array) set up was used to detect the γ rays. The present work considerably

extend the level scheme of 200Tl upto higher excitation energy and angular momentum and

search for the shapes of the nuclei in lower as well as higher spin. The involvement of the

high-j orbitals in forming the band structures is also explored.

The present thesis is an experimental endeavor to study the effect of the high-j orbital on the

shape of the nuclei near A∼200 region with the comparative study of the band structures of

three neighbouring nuclei: 199Tl, 199Hg and 200Tl. The Nuclear models, relevant to the current

thesis, experimental procedures and interesting results, obtained from the level structures of

the above nuclei are also discussed. The interesting outcomes of the present thesis and the

future scopes of the present studies are highlighted.

10



Bibliography

[1] E. Rutherford. Philosophical Magazine, Sixth Series, 21:669, 1911.

[2] N. Bohr. Philosophical Magazine, 26:1, 1913.

[3] N. Bohr and F. Kalckar. Mat.-Fys. Medd., 14:10, 1937

[4] A. Bohr and B. R. Mottelson, “Nuclear structure, vol. II”, Benjamin Reading, Mas-
sachusetts 1975. Ch 4.

[5] M. G. Mayer, Phys. Rev. 75, 1969 (1949).

[6] L. J. Rainwater. Phys. Rev., 79:432, 1950.

[7] A. Bohr and B. R. Mottelson. Dan. Mat.-Fys. Medd., 27:16, 1953.

[8] A. Bohr and B. R. Mottelson. Collective Nuclear Motion and the Unified Model in Beta
and Gamma Ray Spectroscopy. North Holland, Amsterdam, first edition, 1955.

[9] Gammasphere:The Beginning...1993-1997.http://nucalf.physics.fsu.edu/ riley/gamma/.
1.1, 1

[10] B. Herskind, Proc. Int. Conf. Nucl. Phys., Italy, 1 17 (1983).

[11] P. Grabmayr et. al. , Jour. of Phys. G 18, 11 (1992).

[12] M. Rejmund et. al., Eur. Phys. J A 8, 161 (2000).

[13] M. Lipoglavsek et. al., Phys. Lett. B 593, 61 (2004).

[14] W. Reviol et al., Phy. Scr. T 56, 167 (1995).

[15] J. O. Newton, F. S. Stephens, and R. M. Diamond, Nucl. Phys. A 236, 225 (1974).

[16] T. Roy et. al., Phys. Lett. B 782, 768 (2018).

[17] R. M. Lieder et al., Nucl. Phys. A 299, 255 (1978).

[18] S. Das Gupta et. al., Phys. Rev C 88, 044328(2013).

11



[19] R. M. Lieder et al., Nucl. Phys. A 248, 317 (1975).
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Chapter 2

Nuclear Models

A quantum many body system like atomic nucleus is a laboratory to test the strongly interact-

ing neutrons and protons. The nucleons are bound with the short-range strong nuclear force

but unfortunately, that is not well understood and the exact form of strong interaction, expe-

rienced by the nucleons, is not known. There is no single nuclear model that can explain all

the properties of a nucleus. Instead, a particular model is considered which can best describe

the phenomenon under investigation. The success of a model depends on how good it be able

to produce the known results, and as well as be able to predict phenomena not yet discovered.

Thus, different nuclear models have been proposed based on different phenomena, experimen-

tally observed in atomic nuclei. In this chapter, a few of the relevant models with respect to

present thesis work will be briefly described.

2.1 The Liquid Drop Model

The liquid drop model was first proposed by George Gamow [1] as an attempt to explain the

experimental observable of a nucleus. This model treats the nucleus as a macroscopic drop

of a charged incompressible fluid composed of nucleons. The binding energy per nucleon as a

function of mass number A for a nucleus is found to be almost constant (∼ -8.5 MeV), which
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indicates the saturation properties of the nuclear force. In an attempt to explain this behavior,

Bethe-Weizsäcker proposed the semi-empirical mass formula [2, 3]:

B(N,Z ) = aV A + aS A
2

3 + aC
Z2

A
1

3

+ aI
(N − Z)2

A
+ δ(A) (2.1)

The experimental data can be fitted by the formula [4] and the values of the constant terms

have been found to be aV = -15.68 MeV; aS = 18.56 MeV; aC = 0.717 MeV; aI = 28.1 MeV.

The last term of equation 1.1, δ(A) is the pairing energy which is given by,

δ(A) = 34. A− 3

4MeV for even− even nuclei

= 0 MeV for even− odd nuclei

= − 34. A− 3

4MeV for odd− odd nuclei

Each of the terms of the above equation has a theoretical basis. The first term of equation 1.1

is usually known as the volume term and is based on the strong nuclear force. This force has

a very limited range and nucleons only interact with their nearest neighbors. The number of

particles that interact is roughly proportional to A(∝ r3; r is nuclear radius) i.e. the volume

of the nucleus. Hence it is called the volume term. The second term is generally assumed to

be generated from the surface tension of the nuclei which reduce the binding energy of the

system and thus the second term is proportional to A2/3(∝ r2) i.e. the surface area of the

liquid (nucleus) drop. The third term is known as the coulomb term which takes into account

coulomb energy associated with the coulomb repulsion of the charged nucleons (i.e. proton)

inside the nucleus. Hence the term is proportional to the number of the protons(∝ Z2) inside

the nucleus and inversely proportional to the radius of the nuclei. The next term is known as

the “symmetry term” which takes care of the relative number of protons to neutrons, so that the

nucleus becomes more symmetric. This term becomes more significant in higher mass region

where the neutron number (N) tends to increase than the proton number (Z) to overcome the

Coulomb repulsion in order to bind the nucleons together. The equation contains the δ(A) term,

that accounts for the pairing force between like nucleons (between proton-proton or neutron-

neutron). It expresses the experimental facts, that even-even nuclei are more tightly bound
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(stable) than even-odd nuclei, which are in turn more tightly bound than odd-odd nuclei. The

Liquid Drop Model (LDM) is the first phenomenological sensible model that could explain few

bulk nuclear properties like i) Binding energy per nucleon and nuclear mass, ii) Fissioning of

a nucleus and iii) Saturation of nuclear force. But this simplistic model can not explain few

other nuclear properties like the actual excited states of the nuclei, the magnetic moments,

two neutron or two proton separation energies etc. Moreover it could not explain the so called

magic number- 2, 8, 20, 28, 50, 82 and 126, possessing which as proton or neutron number, a

nucleus becomes more stable than the neighbouring nuclei. This gave rise to the concept of

closed shell nuclei and most successful nuclear model, the “shell model,” proposed by Mayer in

1949 [5].

2.2 Shell Model

It was observed that the nuclei, which have certain number of neutrons and protons, are more

stable against excitations than the neighbouring nuclei. These numbers, nomenclature as so

called ”magic numbers”, are 2, 8, 20, 28, 50, 82 and 126. Experimentally it has been observed

that the nucleon separation energies across the nuclear chart showed large and sudden drop

at the magic numbers. These observations pointed towards a shell structure of the nucleus,

similar to the electronic shell structure in the atoms and led to the proposition of the shell model

[6]. The shell model presumes the nucleons in the nucleus as independent particles. They are

assumed to be moving in almost unperturbed single particle orbits, in a uniform, spherically

symmetric, mean field produced by all the nucleons in the nucleus. Unlike the atomic case,

where the central mean field is provided by the Coulomb field of the heavy nucleus at the center

of mass, in the nuclear case the mean field is produced by the nucleons themselves. The nuclear

“shell model”, independently proposed by Mayer [5] and Haxel, Jensen and Suess [7],in 1949

which was not only capable of explaining the magic numbers but also the magnetic moments,

spins and energies of the levels etc [8, 10]. The Hamiltonian of the Shell model picture consists

of two terms, kinetic energy of the constituent nucleons and the potential due to the interaction

between two nucleons i .e. a two body potential energy term and is represented by:
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H = T + V =
A
∑

i=1

− ~
2

2mi
∇2

i +
1

2

A
∑

i,j=1

Vi,j (2.2)

The first term is from the kinetic energy of each nucleon and Vi,j is the two-body potential

corresponding to the nucleon-nucleon interaction. We therefore introduce an average one body

potential U(ri) that is ’felt’ by all the (A) nucleons and the equation converges to a one body

problem, leaving a small two body term. Hence the Hamiltonian can be rewritten by adding

and subtracting U(ri) as,

H =
A
∑

i=1

[Ti + U(ri)] +

(

1

2

A
∑

i,j=1

Vi,j −
A
∑

i=1

U(ri)

)

= H0 +Hres =
A
∑

i=1

h0(i) +Hres (2.3)

where H0 is the Hamiltonian which represent the one body part, describing the motion of A

nucleons in the mean field U(ri). The rest two body term is represented by the Hamiltonian

Hres and known as the “residual interaction”. The one body part U(ri) appearing in H0 is

chosen wisely so that the residual interaction part Hres becomes small enough to be treated

as a non-relativistic perturbation. In microscopic theory [11] starting from nucleon nucleon

interaction or self-consistent hertree-fock calculation mean field potential can be found [12, 4].

But depending on the different observables in the nucleus, the potential U(ri) can be chosen

phenomenologically. An analytic ‘Woods-Saxon’ potential has been proven to be the most

appropriate potential till now, which is given by

VWS(r) = − V0

1 + exp[(r − R)/a]
(2.4)

where V0 is the depth of the potential (∼ 50 MeV), radius R ≈ 1.2A1/3 fm and the surface

thickness a ≈ 0.5 fm. In the above equation V (r) has been shown to depend on r only. Such

a potential is spherically symmetric and hence the model is called the “spherical shell model”.

The exact analytical solution of the equation 1.3 using Woods-Saxon potential is not possible.

For a analytically solvable solution we go for a simple potential. For a spherical nucleus,

the potential should be spherically symmetric, and should depend only on the distance from

the center of the nucleus. Although different potentials can be used, the three-dimensional

symmetric harmonic oscillator potential is arguably the simplest yet relevant:

VHO(r) = −1

2
mω2

0(r
2 − R2

0) (2.5)
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Figure 2.1: Three phenomenological potential well used to model the nuclear potential as a

function of nucleus radius r. V0 is the well depth, r the distance from the origin and R the

nuclear radius.

which was used as a mean field where R0 is the mean radius of nucleus, m is the mass of a

nucleon, and ω0 is the oscillator frequency of the simple harmonic motion (SHM) of the nucleon.

The different model, adopted for the nuclear potential have been shown in Fig. 2.1 as a function

of distance(r) from the center of the nucleus. For a spherically symmetric potential the wave

function Φ(r, θ, φ) can be divided into two independent component; a)radial part Rnl(r) and b)

spherical harmonics Ylm(θ, φ) and the Schrodinger equation of the three-dimensional harmonic

oscillator then becomes:

HΦnlm(r, θ, φ) =

[−~
2

2m
∇2 + VHO(r)

]

Φnlm(r, θ, φ) = ENΦnlm(r, θ, φ) (2.6)

Where EN are the energy eigenvalues corresponding to the major oscillator quantum number

N. The shell energies (energy eigen-values) are given by
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EN =

(

N +
3

2

)

~ω0 (2.7)

such that

N = 2(n− 1) + l, n = 1, 2, 3, ... and l = 0, 1, 2, .. (2.8)

where, N is the principal quantum number and n,l,m are the radial ,orbital and magnetic

quantum number respectively. Each N shell can contain a maximum number of (N+1)(N+2)

nucleons, where the parity π of the levels in the shell is given by π =(−1)l=(−1)N . Thus an

oscillator shell contains only states with same parity.

Table 2.1: The degenerate levels of nucleus, that have

been generated from Simple Harmonic Oscillator Poten-

tial and corresponding nucleon number per shell.

N
1

n Parity allowedl Levels label En(~ω) NucleonNo Total

0 0 +V e 0 1s 3/2 2 2

1 1 −V e 1 1p 5/2 6 8

2 1 +V e 2 1d 7/2 10

2 2 +V e 0 2s 7/2 2 20

3 1 −V e 3 1f 9/2 14

3 2 −V e 1 2p 9/2 6 40

4 1 +V e 4 1g 11/2 18

4 2 +V e 2 2d 11/2 10

4 3 +V e 0 3s 11/2 2 70

5 1 −V e 5 1h 13/2 22

5 2 −V e 3 2f 13/2 14

5 3 −V e 1 3p 13/2 6 112

1Each horizontal line separate the major shells. Each shell has few degenearate levels corresponding to same

energy.
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However, from table 2.1 above shell energies still do not reproduce the experimentally observed

magic numbers above 20. So some modification need to be done to the potential to explain the

magic numbers. An extra attractive term proportional to l2 had been added to the harmonic

oscillator potential which basically flatter the potential. The effect of this term increases with

orbital angular momentum. Hence, high angular momentum particles would feel a stronger

attractive interaction that lowers their energy. In brief terms, the addition of an l2 term is

equivalent to a more attractive potential at larger radii. The relation of the single-particle

levels produced by a harmonic oscillator potential, along with the addition of an l2 term is

illustrated in the middle panel of Fig. 2.2. Like the case of atomic physics, the degeneracy of

each level is 2(2l+ 1), which is the number of nucleons that can be put in each level. Though,

this modification makes the nuclear potential more realistic, still it could not reproduce the

magic numbers observed experimentally [6].

Latter Haxel, Jensen, Suess [7] and Maria Geopart Mayer [5] independently introduced a spin-

orbit coupling f(r).
−→
l .−→s term into the nuclear Hamiltonian. They showed that the inclusion

of a spin-orbit potential(which is actually a idea brought from atomic physics) could give the

proper separation of the sub-shells. In nuclear physics the term
−→
l .−→s is much more significant

than that of in atomic physics. f(r) is the strength of the spin orbit coupling and s is the

intrinsic-spin angular momentum quantum number. Both the angular momentum now coupled

to the total angular momentum
−→
j

−→
j =

−→
l +−→s (2.9)

The coupling removes the degeneracy 2(2l + 1) of the states and split the levels into two

component corresponding to j = l ± 1
2
(intrinsic spin of a single nucleon is ± 1

2
). This splitting

is proportional to l and leads to the j = l+1
2
states lower in energy than the j = l -1

2
states.

The effect of this attractive spin orbit term becomes significant in higher j orbital and the

j+1
2
level intrude in the lower major shells and thus sub-shells now properly reproduce the

magic numbers. The right panel in Fig. 2.2 shows the distribution of the orbitals due to the
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Simple  

Harmonic  

Oscillator 

+ 
Slightly  

flattened  

SHO (l2) 

+ 
Modified 

with spin-orbit 

coupling (l.s) 

Figure 2.2: Single-particle energies for S.H.O. potential, a modified harmonic oscillator with l2

term, and a realistic shell model potential with both l2 and spin orbit (l.s) terms. From Ref. [6].
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addition of the l.s term to the nuclear potential. A particle with total angular momentum j has

magnetic substates m, j = |j, |j + 1, ....... + j or (2j + 1) values, degenerate in energies. Thus,

following the Pauli exclusion principle the number of nucleons (of each type protons, neutrons),

in each single particle orbit (labeled by j) can hold (2j + 1) nucleons. The states are therefore

labelled uniquely by n, l and j quantum number, for example 1i13/2 states represents n=1, l=6

and j= 6+1
2
=13/2 quantum numbers associated. In the single particle shell model, the nuclear

properties are determined by the outermost valance nucleon only. Ground state properties of

many nuclei which are close to magic numbers, can be explained successfully by this model.

However, for most of the nuclei which are away from shell closure, it is necessary to take into

account the effect of all the nucleons outside the closed core.

2.3 Nuclear shapes

When one moves away from magic shell closure, some systematic and simple behaviour has

been observed in the nuclei, such as: large ground state quadrupole moment, enhanced E2

transition probability, rotor like energy spectra etc. These experimentally observed phenomena

indicates the coherent participation of the nucleons to generate a motion such as rotation

or vibration. These collective behaviours of the nucleon is named as Collective model and

described by A. Bohr and B. Motelsson in Ref. [13]. In this model the nucleus is considered to

be a incompressible fluid and the deformed nuclear radius R(θ, φ) can be expressed as a small

additional term δr with the spherical radius R0 as

R(θ, φ) = R0 + δr(θ, φ) = R0

(

1 + δr
R0

)

and the second (smaller) term in the parentheses can be expanded in terms of spherical har-

monics as:

R(θ, φ) = R0

[

1 +
∞
∑

λ=0

λ
∑

µ=−λ

α∗
λµYλµ(θ, φ)

]

(2.10)

Where the α∗
λµ represents the shape parameter and λ is the order of the multipole. We assume

the volume of the nucleus remain unchanged, the θ, φ are measured with respect to the three

axes coordinate system. The λ=0 term can be ignored, since such deformation results in
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a volume change and is not expected upto a very high excitation energy. The dipole term

Figure 2.3: Shapes of the multipoles as perturbations of a sphere. From left to right: dipole

(λ=1), quadrupole (λ = 2), octupole (λ= 3) and hexadecapole (λ=4). The monopole corre-

sponds the volume change and is not shown. Fig taken from Ref. [14].

(λ=1) corresponds the displacement of the center-of- mass; by fixing the coordinate origin at

the center of mass, we can fix α1µ = 0. The higher order terms, λ = 2, 3, 4 correspond to

quadrupole, octupole and hexadecapole deformations (see Fig. 2.3) respectively. Terms having

λ = 2 describe shapes which are either oblate (which has two semi major axes equal) or prolate

spheroids (which has two semi minor axes equal). Considering the nucleus to have only the

quadrupole deformation (λ = 2), which is the lowest significant order of interest, Eq. 2.10 can

be written as:

R(θ, φ) = R0

[

1 +
2
∑

µ=−2

α∗
2µY2µ(θ, φ)

]

(2.11)

This Eq. 2.11 gives five α2µ coefficients. Three of these parameters determine the orientation

of the nucleus in space and correspond to the three Euler angles. The α2µ are chosen such that

α21 = α2−1 = 0 and α22 = α2−2. The remaining α20 and α22 are independent variables and

are typically converted to polar coordinates, through two new shape parameters, β2 and γ (the

“Lund convention”Ref. [15]).

α20 = β2 cosγ (2.12)

α22 =
1√
2
β2 sinγ (2.13)
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Figure 2.4: The Lund convention for describing quadrupole shapes of nucleus in the (β2,γ)

plane.The deformation parameter β2 plays the role of the radial variable, while γ, the triaxiality

parameter, serves as the polar angle. The collective region lies between γ = 0o-60o, while

rotations along the γ=60o and γ =-120o axes are purely non-collective in nature. Fig taken

from Ref. [16].

So out of five α2µ coefficients, with proper parameterization, Equation 2.11 can be represented

by only two independent parameter β2 and γ, which are used to describe the nuclear shape

upto quadrupole deformation.

R(θ, φ) = R0

[

1 + β2

√

5

16π

(

cosγ(3cos2θ − 1) +
√
3sinγ sin2θ cos2φ

)

]

(2.14)
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β2 represents the total deformation of the nucleus and referred to “quadrupole deformation

parameter”, whereas γ is the “triaxiality parameter” which represents the deviation of the

shape of nucleus from axial symmetry. The different nuclear shapes, depending on different

value of β2 and γ, are shown in Fig. 2.4. According to the Lund convention, γ=0o corresponds

to a prolate shape (Rugby ball shape) undergoing a collective rotation about an axis which

is perpendicular to its symmetry axis and γ=−60o represents an oblate shape (shape of a

orange) nuclei exhibiting collective rotation around a axis, perpendicular to the symmetry axis.

The value −60o ≤ γ ≤ 0o represents triaxiality (where the three major axes are not equal to

each other) in nuclei. γ=60o and γ=−120o value also represents oblate and prolate shapes

respectively but for those case the rotation is about their symmetry axes and no experimental

observation of rotational bands are expected.

2.4 Deformed Nuclear shapes: Nilsson Model

To describe a large number of experimental observable energy levels of deformed nuclei one

needs to introduce a new potential with deformation in it. One such potential is proposed by

Sven G. Nilsson [18] as the modified harmonic oscillator potential (or Nilsson potential) in 1955

and further studied in 1969 [19, 20, 21]. In this context the Deformed Shell Model (DSM) has

been introduced which considers nucleus to be of axially symmetric deformed shape where x

and y axes are equal to each other but lesser(for oblate shape) or greater (for prolate) than the

z (symmetry) axis. It is assumed that a single nucleon is moving about a deformed nucleus.

As in Spherical Shell Model (SSM), terms proportional to l2 and
−→
l .−→s has been introduced in

the deformed potential Hamiltonian also. For l2 term the potential becomes flatter specially

for heavier elements and l.s term reproduces the experimentally observed magic numbers and

thus it reproduces the proper order and energies of the levels in the spherical limits(β2=0).

For axially deformed nucleus (x=y6=z) the Hamiltonian can be written as

HNilsson = − ~
2

2m
∇2 +

1

2
m
[

ω2
x(x

2 + y2) + ω2
zz

2
]

+ C
−→
l .−→s +Dl2 (2.15)

25



The coefficients C, D are constants and usually written in terms of κ and µ as follows

κ =
C

2~ω0
(2.16)

and

µ =
2D

C
(2.17)

The values of these two variables are adjusted to reproduce the observed levels of spherical

nuclei with β2=0 and the experimentally observed levels for deformed nuclei with β2 6=0. The

typical values for κ are found to be around 0.06 whereas the value of µ varies from 0 to ≈ 0.7

depending on different shells. The ωx, ωy and ωz are the one-dimensional oscillator frequencies

in the x, y and z directions, respectively. These ωx and ωy are of same value and all the

frequencies can be parameterized and expressed in terms of the spherical oscillator frequency

ω0 involving the axial deformation (ǫ2) of the nucleus as:

ω2
x = ω2

y = ω2
0

(

1 +
2

3
ǫ2

)

(2.18)

and

ω2
z = ω2

0

(

1− 4

3
ǫ2

)

(2.19)

ǫ2 is the nuclear deformation parameter and is related with the parameter β2, defined in Fig. 2.4

and in Equation 2.12 as ǫ2 ≈ 0.95 β2. With the coordinate transformation, the new parameter-

ization has been introduced in Nilsson model for quadrupole deformation as ǫ20= ǫ2 cosγ and

ǫ22=
2√
3
ǫ2 sinγ. The spherical oscillator frequency generally depends on the size of the nucleus

and expressed as ~ω0 ≈ 41A−1/3. The spherical oscillator frequency (ω3
0=ωx ωy ωz) is assumed

to be constant and can be rewritten in terms of

ω0 =

(

1− 4

3
ǫ22 −

16

27
ǫ32

)−1/6

= constant (2.20)

Under the above conditions and replacing the values of ωx, ωy and ωz in Equation 2.15, we

may write the Nilsson Hamiltonian as:

HNilsson = − ~
2

2m
∇2 +

1

2
mω2

0r
2 −mω2

0r
2ǫ2

4

3

√

π

5
Y20(θ, φ) + C

−→
l .−→s +Dl2 (2.21)
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where r2=x2+y2+z2 is the nuclear radius and Y20 is the spherical harmonics. The Nilsson

Hamiltonian satisfy the schrödinger equation HNilssonφi=Eiφi where φi and Ei is the wave

function and the Eigen energy of the ith particle. respectively. In the limit of large deformation

(i.e. ǫ2 → 0) the l2 and
−→
l .−→s term is negligibly small and can be ignored. The Nilsson

Hamiltonian in Equation 2.21 then reduced to anisotropic Harmonic oscillator which can

have two independent oscillation about x-y plane and along z axis. Therefore along these two

directions, the good quantum numbers are (nx + ny) and nz separately. Like the case in one

dimensional harmonic oscillator energy, represented by quanta ni as Ei=~ωi(ni+1/2), the eigen

values of the Equation 2.21 goes asymptotically to:

E(nx, ny, nz) = ~ωx (N − nz + 1) + ~ωz

(

nz +
1

2

)

, N = nx + ny + nz (2.22)

Since HNilsson is independent of the angle φ around the z-axis, the Hamiltonian is independent

of rotation about the z axis. The projection of both orbital (
−→
l ) and Spin (−→s ) angular mo-

mentum (
−→
L z and

−→
S z respectively) on the symmetry axis z are commonly denoted by Λ and

Σ respectively and their sum, the projection of the total angular momentum on the symmetry

axis (z), is indicated by Ω. So the energy in Equation 2.22 and the states now can be very con-

veniently written in terms of the so called asymptotic quantum number as Ωπ[NnzΛ]. In DSM

orbital angular momentum l and total angular momentum j are no longer a good quantum

number, rather the only conserved quantum numbers are N, π and Ω. When the deformation

ǫ2 →∝ , we can neglect l2 and
−→
l .−→s term, nz and Λ also become approximately good quantum

numbers (asymptotically”). Ωπ[NnzΛ] now can identify the states uniquely where N is the

principal quantum number denoting the major shell, nz is oscillation quanta along the symme-

try z-axis(the number of wave function in z direction) and parity π of the states. The Nilsson

energy levels (in unit of ~ω0) calculated from the Equation 2.21 as a function of deformation

parameter ǫ2 are shown separately for neutron in range (82≤N≤126) and for proton in range

(50≤N≤82) in figure 2.5 and figure 2.6 respectively. From the definition, for ǫ2 > 0 the nucleus

is said to be of prolate shape and for ǫ2 < 0 it is of oblate shape.

From the above discussion we have Ω=Λ+Σ=Λ ± 1
2
, where Ω is the projection of one valance

particle on the symmetry-z axis. For multiple valance particle, the total projection of each
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Figure 2.5: Nilsson diagram of single particle levels, calculated from equation 2.21 for neutrons

(82≤ N≤ 126) as a function of deformation. The solid lines correspond to positive parity orbitals

and the dashed. lines correspond to negative parity orbitals. Figure taken from ref. [22].
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Figure 2.6: Nilsson diagram of single particle levels, calculated from equation 2.21 for protons

(50≤ Z≤ 82) as a function of deformation. The solid lines correspond to positive parity orbitals

and the dashed. lines correspond to negative parity orbitals. Figure taken from ref. [22].
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nucleon is denoted as

K =
val.nucl.
∑

i=1

Ωi (2.23)

For a single valance nucleon (i=1) equation 2.23 reduced to K = Ω. The details schematic

diagram of the projections of angular orbital momentum
−→
l , spin angular momentum −→s and

total angular momentum
−→
j on symmetry axis are shown in Figure 2.7

K-Orbit 

l 

s 

j 

� 

K=✁

✂ 
Z(Sym. Axis) 

X 

Rotation Axis 

Rotational  

Frequency 

Valance Nucleon 

Deformed nucleus core 

Figure 2.7: The nucleon has orbital angular momentum l and spin angular momentum s.

The total angular momentum is j so that j = l + s. The projection of the orbital angular

momentum(l) and spin angular momentum (s) on the symmetry axis is represented by Λ and

Σ respectively. Projection of a single valance particle total angular momenta j on the symmetry

axis of a deformed nucleus is represented by. Ω = Λ + Σ.

The possible values of the quantum numbers nz and Λ are given by

nz = 0, 1, 2, ..., N (2.24)

and

Λ = (N − nz), (N − nz − 2), (N − nz − 4), ......., 0 or 1 (2.25)
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It is the loss of sphericity which makes a preferred direction in space for the nucleon to rotate,

and thus the 2j + 1-fold degeneracy of a given j-state is lifted, for ǫ2 < 0 or < 0. Only a

degeneracy of two is remaining (i.e. the state with ±Ω have same energy) which is actually a

reflection of a time-reversal symmetry. For a particular j the Ω can have the values, ranging

from −j ≥ Ω ≥ j. Nilsson Model was proven to be of very useful in predicting the shapes of

nuclei. The levels with lower Ω are shifted downward for positive deformation ǫ2 > 0 (prolate

shape) and upward for negative deformation ǫ2 < 0 (oblate shape) as can be seen from figure

2.5 and figure 2.6 . This effect becomes more pronounced for high j, low Ω orbitals and plays

an important role in modifying the shapes of nuclei. Due to the increasing difference between

the energy levels corresponding to different Ω values with deformation for different Ω values are

greater for higher j orbital, some of the (Ω) energy levels can intrude in adjacent major shells

from lower or upper major shells. These orbitals are called intruder orbital. πh9/2 and νi13/2

are two such intruder orbitals in the range of 50 < Z < 82 and 82 < N < 126 which intrude in

the different parity major shells resulting to some spin gap isomer in those nuclei. The Nilsson

model (DSM )has been successfully used to describe a large amount of data for nuclei with

moderate to large ground state deformation. However, to describe the rotational behaviour of

a deformed nucleus, the Nilsson model (DSM) Hamiltonian has to be accordingly modified to a

deformed rotating potential which is achieved in the Cranking model as described in the next

section.

2.5 Cranking Model

For rapidly rotating nuclei, the single particle model are mainly described in the framework

of the cranking model. The model deals with the microscopic effect of a rotating nucleus on

the motion of a single particle. The Cranking model first mathematically formulated by Inglis

[23, 24] and has been further developed by Bengtsson and Frauendorf [25]. By introducing a

body fixed frame with the nucleus, which rotates with constant angular velocity ω with respect

to the laboratory fixed frame in space, the motion of the rotating nucleons in the rotating frame

becomes simpler to describe. The rotation is treated classically and the nucleons are considered
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as independent particles moving in an average rotating potential. The transformation of the

coordinate axes are shown in figure 2.8. The intrinsic (body fixed) frame and axis (1, 2,

x 

y 

x1 

x2 

x3 

z 

 t 

  

Rotation around x axis 

Perpendicular to symmetry axis 

Figure 2.8: x, y, z is the principle axis in the laboratory frame. The body-fixed coordinates

(x1, x2, x3) rotates around the laboratory axis with frequency ω.

3) ,which has a fixed orientation with respect to the nuclear potential is used to describe the

motion of the nucleons and is shown in figure 2.8. If intrinsic coordinates (in body fixed frame)

rotate around an axis perpendicular to the symmetry axis and the symmetry axis coincides with

the intrinsic axis, x3, and the intrinsic axis, x1, coincides with the laboratory axis x (which is

the rotation axis as well), than the total cranking Hamiltonian for N particle system is given

by:

Hω = H0 − ωJx =
N
∑

ν=1

h0
ν − ωjxν (2.26)

where, Hω is the total Hamiltonian in the rotating frame(body fixed frame), H0 is total Hamil-

tonian in the laboratory system and Jx is the projection of total angular momentum onto the

rotation axis. On the other hand, hω
ν = h0

ν − ωjxν is the single particle Hamiltonian in the
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rotating frame, h0
ν is the single particle Hamiltonian in the laboratory system and jxν is the

projection of total angular momentum of single particle onto the rotation axis. The −ωjxν

term contains the Coriolis and centrifugal forces in the rotating frame. The Coriolis force is

responsible to align the angular momentum of the nucleons along the rotation axis [26]. The

eigenvalues of this Hamiltonian (Hω), are known as Routhians. Solving this Hamiltonian in

equation 2.26 in terms of eigen function | νω〉, the total energy in the laboratory frame is given

by,

E =

N
∑

ν=1

eων + ω

N
∑

ν=1

〈νω | jx | νω〉 (2.27)

where eωµ represents the eigenvalues (i.e. single particle Routhian) in the rotating frame. This

cranking model can calculate various parameters like projection of total angular momentum

(Ix) and aligned angular momentum (ix) onto the rotation axis in the following manner,

Ix =

N
∑

ν=1

〈νω | jx | νω〉 (2.28)

The slope of the Routhian energy is related to the alignment (ix) which can be defined as

ix = −deων
dω

(2.29)

The Coriolis term -ω jx in the cranking Hamiltonian breaks the time reversal symmetry in

the nucleus.As a result Nilsson quantum number Ω is no more consider to be a good quantum

number. Only parity (π), which describes the symmetry under reflection along with signature

quantum number α remain as good quantum number. Signature quantum number describes

the symmetry under a rotation of 180◦ the nucleus about the rotation axis. This two quantum

number can be utilized to define the nuclear states. The rotation operator is defined by

Rx = exp(−iπjx) (2.30)

with the eigenvalues

r = exp(−iπα) (2.31)
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Signature quantum number α [27] is related to the total angular momentum by

I = α mod 2 (2.32)

Systems with an even number of nucleons have α = 0 or 1, while for odd number of nucleons

the system posses the value of α = ±1
2
. The signature quantum numbers corresponding to the

favoured and unfavoured states are defined as

αf =
1

2
(−1)j−1/2 αuf =

1

2
(−1)j+1/2 (2.33)

j is the angular momentum of the odd valance particle of the system. If the nuclei has multi

particle configuration, the favored signature is calculated from the equation

αf =
1

2

∑

i

(−1)ji−1/2 (2.34)

This model can predict the rotation effect on single particle energy levels in deformed nucleus

but for the total nuclear energy Total Routhian Surface(TRS) calculation is appropriate.

2.6 Total Routhian Surface (TRS) calculations

In this thesis, the total Routhian surface (TRS) calculations have been performed to pre-

dict the structure of nuclei, as described by Nazarewicz et.al. [28, 29]. The total Routhian

Eω(Z,N ; β, γ) of a nucleus (Z,N) as a function of deformation(β, γ) can be obtained from the

sum of the liquid-drop energy, shell correction energy and the pairing correction energy within

the cranked Woods-Saxon, Bogolyubov, Strutinsky approach as:

Eω(Z,N ; β, γ) = Eω
LD(Z,N ; β, γ) + Eω

shell(Z,N ; β, γ) + Eω
pair(Z,N ; β, γ) (2.35)

The liquid drop model energy Eω
LD is calculated with nuclear surface energy Eω

surf , nuclear

Coulomb energy Eω
Coul and the nuclear rotational energy Eω

rot as

Eω
LD(Z,N ; β, γ) = Eω

surf(Z,N ; β, γ) + Eω
Coul(Z,N ; β, γ) + Eω

rot(Z,N ; β, γ) (2.36)
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The nuclear rotational energy is calculated with equation

Eω
rot(Z,N ; β, γ) =

~
2I(I + 1)

2Jrig

(2.37)

where Jrig is the rigid body moment of inertia at a given deformation with density distribution

of at r0 = 1.2fm. The shell correction energy is calculated using the Strutinsky shell correc-

tions method with a deformed Woods-Saxon potential.The Hartree-Fock-Bogoliubov code of

Nazarewicz et al. [28, 29] has been utilized for the TRS calculations to interpret the ground

state deformations as well as configurations in this thesis work. The TRS have been calcu-

lated in (β2, γ, β4) deformation mesh points with minimization on β4. The details calculation

procedure is described in the reference [30, 43]. The code can also generate the single particle

Routhians which can predict the involvement of the possible single particle orbitals near the

Fermi level.

2.7 Deduced quantities for rotational bands of a de-

formed nucleus

The common feature of a deformed system is that it can rotate about an axis(x) perpendicular

to the symmetry axis(z) leading to the observation of the rotational band. The rotational

Hamiltonian is given by the equation [28]:

H =
~
2

2J R2, R = J ω,J =
R

ω
(2.38)

Where J is the moment of inertia and R is the rotational angular momentum and ω is rota-

tional frequency of the deformed rotor. To characterize a rotational band one needs to deduce

the quantities, like, moments of inertia, rotational frequency, aligned angular momentum and

Routhian energies etc. from the level scheme. The rotational energy of a level of a ground state

rotational band with spin I can be expressed in the form of the energy of a deformed rotor:

Erot(I) =
R2

2J =
~
2

2J I(I + 1) (2.39)
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Erot(I) ≈
~
2

2J I2 (2.40)

dErot(I)

d(I2)
=

~
2

2J (2.41)

I is the rotational angular quantum number (angular momentum). The moment of inertia in

Eq. 2.41 are defined as Kinematic Moment of Inertia (KMI) of the rotational band. Combining

Eq. 2.38 and Eq. 2.41 the KMI is defined as J (1), defined as,

J (1) =
~Ix(I)

ω(I)
= [

2

~2

dErot(I)

d(I2)
]−1 (2.42)

Comparing the last two term of the above Eq. 2.42 the frequency of the rotor (rotational band)

is found to be:

ω(I) =
1

~

dErot(I)

d(I)
(2.43)

The Dynamic Moment of Inertia(DMI) represented by J (2) is defined as the change of the

Moment of Inertia(KMI) with respect to the spin(I). The DMI is a significant quantity as the

rotational band may not have fixed Moment of Inertia when it rotates with a high angular

momentum and due to the centrifugal force, the MoI may changes. The DMI is related to the

curvature (second derivative) of the E versus I curve:

J (1) = [
1

~2

d2Erot(I)

d(I2)
]−1 = ~

dI

dω(I)
(2.44)

The Dynamic moment of inertia can be represented considering the expression of KMI (J (1))

from Eq. 2.42 as:

J (2) = ~
dI

dω(I)
= ~

d[ωJ (1)]

dω(I)
= ~[J (1) + ω

dJ (1)

dω(I)
] (2.45)

It is evident from the above that in the limit of rigid rotation J (2) ≈ J (1).

Usually a rotational band is defined as a sequence of a E2 transitions connecting 0+, 2+, 4+

and so on spin levels. So if the gamma energy decaying from EI level to EI−2 is defined by Eγ

then according to Eq. 2.39,

Eγ(I) = EI+2 −EI =
~
2(4I − 1)

2J (2.46)
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As per the real scenario, the rotational band is not form on the ground state and has a band

head of spin K. Then the rotational energy is changed according to the equation

Erot(I) =
R2

2J =
~
2

2J Ix(Ix + 1) (2.47)

Where Ix is the projection of the total angular momentum(I) on the rotation axis and is given

by:

Ix(I) =
√

I(I + 1)−K2 ≈

√

(

I +
1

2

)2

−K2. (2.48)

K is the projection of the total angular momentum onto the symmetry axis. As pointed out,the

value of K is, normally, equal to the band-head spin for strongly coupled band, and the spin I in

all the above equations should be replaced with Ix From the experimental point of view, all the

above expression of the different rotational quantity are changed and the modified expression

are used to deduced them experimentally from the level scheme.

The rotational frequency, for an axially symmetric deformed nucleus which rotates about

an axis (x) perpendicular to the symmetry axis, can be written as [25], following simple steps

from the Eq. 2.43

~ω(I) =
dErot(I)

dIx
≈ Erot(I + 1)− Erot(I − 1)

Ix(I + 1)− Ix(I − 1)
, (2.49)

≈ Eγ

2
(I ≫ K), (2.50)

in analogy with a classical rotor.

Expression for the two moments of inertia (kinematic moment of inertia and dynamic moment

of inertia) for deformed nucleus are expressed as: . The Kinematic moment of inertia is

defined as

J (1) =
~Ix(I)

ω(I)
. (2.51)

and the Dynamic moment of inertia is defined as,

J (2) =
~dIx(I)

dω(I)
, (2.52)

≈ 4

∆Eγ
~
2MeV −1, (2.53)
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For even-even nuclei the dynamic moment of inertia (DMI), J (2), is independent of spin, I. This

property is very useful in cases where spin and parity of a given rotational band are not known

(e.g for super-deformed bands).

The experimental aligned angular momentum, represented by ix, is the single particle

contribution to the nuclear angular momentum and defined as,

ix = Ix(I)− Irefx (I). (2.54)

where,

Irefx (I) = ℑ0ω + ω3ℑ1 (2.55)

is the reference angular momentum of the core and is calculated as prescribed by Ref. [26] in

terms of the Harris parameters. ℑ0 and ℑ1 are the Harris parameters. These Harris parameters,

used in the above equation, can be determined by fitting the experimental points in the Ix versus

ω plot.

The experimental Routhian (single-particle) of a nuclear level is defined by,

eωexpt(I) = Eω
expt(I)−Eω

ref (I) (2.56)

where,

Eω
expt(I) =

1

2
[E(I + 1) + E(I − 1)]− ω(I)Ix(I) (2.57)

and the reference is calculated by

Eω
ref(I) = −1

2
ω2ℑ0 −

1

4
ω4ℑ1 +

1

8ℑ0
. (2.58)

The obtained values from the above alignments and Routhians and can be directly compared

with the experimental values to understand the different properties of the nucleus.
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Chapter 3

Experimental Techniques and Data

Analysis

Nuclear structure information can be studied in details by observing the energy of the decaying

γ-rays from the excited nuclear state, and by measuring the intensity, Polarization the angular

dependence of them with respect to beam axis. All the information are gathered to build the

level scheme, which is basically the unique microscopic energy levels of the nucleus. Due to the

intensity drop of the γ rays with increasing spin and energy as well as to probe the non-yrast

weakly populated states we need a detector array with high resolution and high efficiency to

detect these γ rays. The present thesis involve the population of neutron deficient nuclei in

high excitation energy and spin which can be achieved mainly with fusion evaporation reaction.

In this chapter, the details experimental procedure to extract the information of the high spin

excited states of atomic nuclei in A∼200 region and the setup used for various experiments will

be discussed.
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3.1 Population of High Angular Momentum States in

Nuclei

There have been several methods of production of nuclei at high angular momentum like a)

Fusion evaporation reaction, b) Fusion-Fission reaction, c) Transfer reaction d) Coulomb exci-

tation etc. Among them, the heavy ion induced fusion-evaporation reaction is the most efficient

method to populate the nuclei under consideration at high excitation energy and spin as well

as with high cross section. The formation and the de-excitation mechanisms of the Compound

Nucleus(CN) following fusion-evaporation reaction have been shown in Fig. 3.1(a). The pro-

jectile, with an energy higher than the coulomb barrier, collides with the target nucleus, and

formed compound nucleus by fusing together. The compound nucleus formation time scale is

within 10−22 to 10−20 sec. The energy are shared by the constituent nucleon, if the compound

nuclei sustain more than 10−20 sec [1] and fully equilibriated with respect to thermodynamic

equilibrium. The “hot” and fast rotating nucleus then cools down by particle evaporation[2]

within ∼ 10−16 sec. Evaporating particles are mostly light mass particle, like neutrons, protons,

or alphas. Probability of evaporation of protons, or alphas (being a charged particles) are less

than that of neutrons due to their coulomb barrier. Compound nucleus loses excitation energy

on an average of about 8 MeV (one neutron separation energy) and only a few units(about

1~) of angular momentum per neutron evaporation, and the residual nuclei after particle evap-

oration remains with sufficient amount of angular momentum and complete alignment of the

compound nucleus is still preserved. At higher excitation energy, γ-decay (γ rays from Giant

Dipole Resonance) which is a Electro-Magnetic interaction, is also possible. But the particle

decay, being a strong interaction process, is a much more probable. Particle evaporation is no

longer possible when the excitation energy comes below the particle emission threshold and the

residual nucleus enters the ‘entry-line’ [4] which is roughly 8 MeV (i.e. one neutron binding

energy) above the ‘Yrast line’. The yrast line is virtual line corresponds to the nuclear states

with minimum excitation energy for a given spin. From the entry-line residual nucleus tries

to minimize its energy via subsequent emission of statistical γ rays which are mainly of E1

character. They take away only a few units of angular momentum, but much of energy. Since
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Yrast states 

Non-yrast states 

(a) 

(b) 

Figure 3.1: Formation and decay of the compound nucleus via various processes in a fusion-

evaporation reaction.(a) Schematically showing the formation of CN with the time scale of

different processes. Figure is taken from ref. [3]. (b) The entry line for discrete γ-transitions

and decay of γ rays via yrast and non-yrast state.
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the nuclear level density is very high around the entry-line, statistical γ ray transitions are

called quasi-continuum transitions and the nuclei comes closure to the ’yrast line’. After that,

the residual nucleus radiates it energy and comes to the ground state by emitting a cascade

of discrete γ transitions along the yrast line and the states on, or very near to yrast line are

populated as shown in Fig. 3.1(b). These are generally collective E2 rotational cascades in case

of deformed nuclei. Some times when the nucleus is produced at lower angular momentum

and high energy, after the particle evaporation the excited nucleus comes to a states below the

entry line (particle threshold value) but far away from the yrast line. Thus the nucleus passed

through many non-yrast states via γ-decays. In γ ray spectroscopy, these discrete γ rays are

detected to understand the nuclear structure information. Within about 10−9 seconds the total

decay process is completed.

Understanding of the nuclear bahaviour at low and medium spin regime demands information

on yrast as well as near yrast excited states. This can provide valuable information regarding

low lying single particle excitation as well as exotic near yrast-structures. These states can

be populated suitably using light ion beams and investigated using γ-spectroscopy techniques.

With the availability of light ion projectile like α, proton etc. from K-130 Cyclotron, VECC,

Kolkata, extensive study of these kind of structure is possible, which is one of the motivation

of present thesis.

3.2 γ-radiation detection with High-Purity Germanium

(HPGe) detectors

The basic information about Energies, spins, parities of the levels can be obtained by measuring

the Energies, angular correlations, linear polarization of the decaying γ rays from excited states.

For the detection of the γ rays in a detector the γ rays must interact and lose its energy in the

detector medium. The γ rays interact with matter mainly through three process; Photoelectric

effect, Compton Scattering and Pair Production and transfer partial or complete γ ray energy

to the electrons within the detector material. Among the three processes photoelectric effect is
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the important one for γ ray spectroscopy experiment because γ ray deposits its full energy in

this process. In γ ray spectroscopy, the absolute necessary condition for choosing the detector

is to obtain good energy resolution. Specially, for good photopeak efficiency (achieved by using

high Z material) and low noise, semiconductor detector made of High Purity Ge(HPGe) crystals

is the best option for detection of γ rays photons in γ spectroscopy experiment.

High-purity Germanium semiconductor detectors is the main tool for high resolution γ ray

spectroscopy. The effective volume of the detector to detect the γ rays actually is the compen-

sated depletion region, formed by the simple reverse bias p-n junction characteristics. For a

semiconductor detector, the depletion depth is given by [6]

d =
(2ǫV

eN

)1/2

(3.1)

where, V is the reverse bias voltage, N represents the net impurity concentration in the initial

semiconductor material, ǫ is the dielectric constant and e is the electronic charge. To increase

the active volume of the detector determined by the thickness d of the depletion region, the

detectors should be more pure (i.e. the impurity concentration N should be as low as possible)

and the reverse bias voltage(V) should be increased. At 1010 atoms/cm3 impurity concentra-

tion(which is the impurity for a HPGe detector), a reverse bias voltage of 1 kV can produce a

depletion depth of 1 cm. HPGe detector has an excellent energy resolution (typically∼2 keV

at 1 MeV) compared to gas detectors or scintillators. HPGe detector must be operated at

liquid nitrogen(LN2) temperature (77 K) to reduce the thermal fluctuation which leads to the

leakage current due to its smaller band gap (∼ 0.7 eV). Unlike Ge(Li) or Si(Li) detectors, these

detectors need not always be kept at liquid nitrogen temperature, when not in use. However,

time resolution of HPGe detector (∼ 10 ns) is poor in comparison with scintillator detectors.

The details testing and characterization of a special type of HPGe detector, i.e. Clover HPGe

detector, that has been used to detect the γ rays in the experiments related to the present

thesis, are discussed in the next section.
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3.3 Characterization of a Clover detectors

Clover HPGe detectors form an essential part of any high efficiency experimental facility for

exploring the structure of nuclei. Clover detector is a composite detector consists of four n-type

coaxial HPGe tapered crystals placed in a four-leaf clover arrangement using a single cryostat

[7] as shown in Fig. 3.2. The main advantage of Clover, over single crystal HPGe detector is its

Figure 3.2: A schematic geometry of Clover detector [7].

granular configuration which allows us (a) to get back the Compton scattered events back to the

photopeak to increase the photopeak efficiency (b) determination of polarization asymmetry

by using the ratio of parallel and perpendicular component of Compton scattering events from

the adjacent crystals of a clover detector c) better Doppler correction by measuring the angle

of the incident photons more accurately.

To determine the properties of the detector, the γ rays, decaying from 152Eu, 133Ba and 60Co

radioactive sources are measured by the clover detector. The pre-amplifier signal from each

crystal has been processed with Ortec model 672 Spectroscopic Amplifier with a shaping time

6µs for 1 kcps and with 3µs for 5 kcps and the data were collected in in event by event mode

mode using a CAMAC based data acquisition system with master gate generated from the

OR of all four crystals of the Clover detector. The energy resolution of the crystals from the

different Clover detectors lies in the range of 1.85-2.02 keV at 1332 keV(from 60Co) with 6µs

shaping time. Detail testing has been reported in Ref. [8].
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Figure 3.3: Variation of add-back factor with γ ray energy at a distance of 20 cm.

• Clover detector in Addback mode:

Due to the difficulties in growing high purity Ge crystals, big size of HPGe crystals are rare. The

configuration of Clover detectors, having a close pack geometry of 4 crystals, can be utilized to

achieve a full photopeak efficiency of a single HPGe crystal of same size, as the total volume of

the four crystals together, with the addback mode. Due to photoelectric effect γ ray deposits its

full energy in any one of the four individual crystal of a clover HPGe detector. Due to Compton

scattering, a partial energy of the γ ray is absorbed by any one crystal, and the scattered γ ray

can be absorbed by other neighboring crystal. For a particular event, if we add the deposited

energy of each crystals of a clover detector we can get back the full energy of the primary γ ray

and it will contribute to the full energy photopeak in the spectrum. Thus we can recover the

Compton scattered event within the crystals and increase the efficiency of the Clover detector

as a whole. This process is called a addback of a Clover detector and it defined as

addbackfactor =
Total counts of a photopeak adding the energy in four crystal in one event

The sum of the counts of phtopeak of all the crystals
.

(3.2)

This is done offline where the information about the firing of each crystal is stored on event

by event basis(Listmode data). The add-back factors for various γ ray energies have been

obtained from the 152Eu, 133Ba and 60Co radioactive sources and has been shown in Fig. 3.3.
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Figure 3.4: Addback efficiency along with the sum efficiency and efficiency of a crystal of the

Clover detector as a function of energy. The Logarithmic value of the absolute efficiency has

been fitted with a polynomial function.

It can be observed that the ratio is close to one at lower energies due to the lower Compton

scattering cross section at these energies. The factor then starts increasing with increasing γ ray

energies, as the probability of Compton scattering becomes comparable with the photo electric

effect and the add-back mode starts contributing. Beyond 1 MeV γ ray energies, the factor

almost gets saturated. At 1332 keV the addback factor was found to be about 1.48±0.03 which

slightly lower than the reported value 1.52 at 1332 keV in previous measurements [9]. It is also

observed that, due to summing effect specially at lower distance, the addback factor becomes

less than 1.0 at lower energies. The absolute addback efficiency was obtained using the above

set up keeping the standard radioactive sources(with known activity) at various distances. The

absolute addback efficiency of the Clover detector along with the efficiency of a single crystal

and efficiency in simple adding at a distance of 20cm is shown in Fig. 3.4. It is clear that the

efficiency in addback mode effectively increases after 200 keV energy due to the recovering of

Compton scattered events.

• Timing characteristics of a Clover detector.
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Figure 3.5: Experimental set up for the coincidence timing measurements of Clover detectors

with respect to a fast timing BaF2 detector.

Timing resolution of the Clover detector was obtained with respect to a 1”× 1” BaF2 scintillator

detector of timing response 300ps. Coincidence List mode data was taken with 60Co source

with a trigger condition of (BaF2). AND. (OR of all crystal). The experimental setup is

shown in Fig. 3.5. The timing of the Clover detector were measured with a Time to Amplitude

Converter(TAC) using the OR of the signals from all crystals of Clover detector as a start and

signal from BaF2 detector as a stop, after a suitable delay. The TAC spectra of each crystal as

well as the OR of all crystals are displayed in Fig. 3.6.

In Fig. 3.6(A) it is seen clearly that there is a time mismatch (of about 5ns) between the

individual crystals. Fig. 3.6(B) shows the same TAC projections after selection of 1332 keV in

BaF2 and 1173 keV in individual crystals. The typical time resolution of the Clover detector

with respect to fast BaF2 detector, is obtained about 8ns, without energy selection and without

time matching of individual crystals. The individual crystals show the time resolution of about

5ns as shown in Fig. 3.6(A), which is improved to about 4ns after particular energy selection

in BaF2 and one crystal of clover detector.
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Figure 3.6: Total TAC and projection of TAC of individual crystal (A) without and (B) with

energy selection of 1173 and 1332 keV γ rays from 60Co with the above set up.

3.4 Experimental set up

In the present thesis work, the experiments were carried out in K-130 cyclotron using the VECC

Array for NUclear Spectroscopy (VENUS) setup which consisted of six Clover detectors at the

time of present thesis. For the other experiments, Indian National Gamma Array (INGA), at

BARC-TIFR Pelletron facility, Mumbai as well as at K-130 Cyclotron,VECC, Kolkata were

used which also consisted of clover detectors. Along with the study of the high spin states of

different nuclei around A 200, an offline coincidence setup of one Clover detector and one single

crystal LEPS detector has also been used to study the low lying states of the 199Hg. In the

following sections, details of these experimental setup are discussed.
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3.4.1 VECC Array for NUclear Spectroscopy(VENUS)

The study of near yrast structures of nuclei in moderate spin regime involves the population of

nuclei in high excited state by light ion induced fusion evaporation reaction. In view of this, a

moderate in-house array of Compton suppressed Clover HPGe detectors has been used for the

experiments of the present thesis at VECC, Kolkata using the α beam from K-130 Cyclotron.

VECC array for NUclear Spectroscopy (VENUS), which at the time of the present thesis consists

Figure 3.7: Setup of Compton Suppressed Clover HPGe detectors of the VENUS array at

VECC K-130 Cyclotron beam line.

of six Clover HPGe detectors along with the BGO shields, are expected to expand with more

Clover as well as ancillary detectors of fast timing scintillators. The modular support structure

of VENUS array is designed to accommodate different numbers of detectors at different angles

with variable target to detector distance, depending on the requirements and perspective of the

experiments.

For the experiments of present thesis, six Clover detectors with BGO shields have been placed

in median plane around the beam line with two detectors at backward 30◦, two at forward 45◦

and 55◦ and two at 90◦ angles with respect to the beam direction according to the experimental
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Figure 3.9: The efficiency of all the six Clover detectors of VENUS individually as well as of

the array, that has been set for the experiments in K-130 Cyclotron.

For the processing of the 24 pre-amplifier signals from the 24 crystals of six Clover detec-

tors, standard NIM electronics has been used. The preamplifier energy pulse were processed

by 16-channel high resolution Mesytec Amplifiers with 4 µs shaping time, which give analog

energy signals as well as ECL standard logic signals. The Gaussian shaped energy signals

were processed through high resolution 14-bit Mesytec VME ADCs. The logic ECL outputs

of 16-channel amplifiers were converted to NIM standard and used to make OR (with ORTEC

CO4020 module)of 4 crystal signals of each Clover detector. The BGO signals, were processed

with NIM standard TFA (ORTEC model 863 Quad-TFA) and CFDs(ORTEC model 584) and

the anti-coincidence ‘VETO’ condition for the corresponding Clover detectors were applied us-

ing the quad logic unit ORTEC-CO4020. Other relevant logic electronics was set up, to collect

the data with singles (Mγ ≥1) as well as with doubles (Mγ ≥2) [30]Master trigger condition.

The time difference of the ’Master trigger’ with each of the Clover detectors as well as with

respect to the radio frequency (RF) of the beam bursts were recorded using individual Time to

Amplitude Converter (TAC) modules. A VME based data acquisition system with 32 channel
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Mesytec ADC was used. LAMPS [11] DAQ software were used to collect the LIST mode data

as well as offline analysis. Master rate of 7-8K events/sec for trigger Mγ ≥1 could be collected

with VME system without any dead time.

The Efficiency of the array along with the efficiency of the individual detectors are calculated

and shown in the Fig. 3.9. The Addback efficiency of all the Clover detectors follow the same

trend.

3.4.2 Indian National Gamma Array at VECC (INGA-VECC)

In the present thesis we use the INGA set up with light ion beams from K-130 cyclotron at

VECC for one of our experiments [12]. In this INGA campaign, seven Compton suppressed

Clover HPGe detectors were used. Fig. 3.10 shows the setup of this array. The structure could

Figure 3.10: The INGA Phase-I setup at K-130 Cyclotron VECC.

hold up to ten detectors. In phase-I setup 7 Clover detectors were put in the array along with

their BGO shields. The Clover detectors were put at different angles: 4 at 90◦ (2 in-plane and
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Figure 3.11: The Efficiency of INGA setup used for the present thesis, at VECC along with all

the individual detector’s efficiency.

2 out-of-plane), 2 at 125◦ and 1 at 40◦ with respect to the beam direction. The detectors face

(aluminum cap) were placed at a distance of 25 cm from the target position. The Efficiency

of all the detectors that had been used in the campaign as well as the efficiency of the whole

array is shown in the Fig. 3.11 The raw Pre-amplifier pulses from the Clover detectors were

processed using 250-MHz 16-channel 12-bit PIXIE digitizers [13], belongs to UGC-DAE CSR,

Kolkata Centre. The Digital Signal Processing (DSP) system only recorded the events with

the Compton suppression in both coincidence (γ − γ) as well as singles mode. An alternative

VME based data acquisition system with 16-channel Mesytec analog amplifiers and other NIM

electronics was also setup and tested. The Electronics set up for the signal processing were

almost same with the set up for the VENUS as shown in Fig. 3.8. The data sorting and analysis

procedure is discussed in the preceding chapter.
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3.4.3 Indian National Gamma Array at TIFR

The INGA campaign TIFR, Mumbai were used to detect the de-exciting γ rays from the excited

states of 200Tl. For the experiement in the present thesis 15 Compton suppressed Clover HPGe

detectors were used in the INGA setup at a distance of 22 cm from the target. A picture

Figure 3.12: The INGA set up at BARC-TIFR Pelletron facility, TIFR, Mumbai.

of this setup of this array has been shown in Fig. 3.12. The detectors were arranged in six

different angles with two detectors each at 40◦, 65◦, 115◦, 140◦, while four detectors were at 90◦

and three were at 157◦. The time stamped data were collected using a PCI-PXI based digital

data acquisition system developed by XIA LLC with a sampling rate of 100MHz. Six Pixie-16

modules were used to process preamplifier pulses from Clover HPGe detectors and each channel

was processed after satisfying the veto condition of respective BGO Anti Compton Shield. Time

stamped data were collected when at least two clovers were fired within a coincidence time

window of 150 ns and the coincidence trigger was kept open for 1.5 µs for the double trigger

condition. The detailed description of the DDAQ has been given in the Refs. [14, 16, 17]. The
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data sorting and analysis routine “Multi pARameter timestamped based COincidence Search

program (MARCOS)”, developed at TIFR, sorts the time stamped data to generate γ − γ

matrix and γ − γ − γ cube in a Radware compatible format for further analysis.

3.5 Data Analysis

The List mode data from different experiments were collected in different data acquisition

systems. Depending on the acquisition system, different data sorting routine have been uti-

lized. For the sorting of time stamped DSP data, from INGA-TIFR and INGA-VECC exper-

iments, populating 200Tl and 199Hg nuclei respectively, two different routines (MARCOS [14]

and IUCPIX [13]) were used. For the sorting of data from the experiments, performed at K-130

Cyclotron, VECC to study the properties of 199Tl and 199Hg, LAMPS sorting routine has been

utilized [11]. For analyzing the sorted data from different experiments throughout the thesis

work, INGASORT [18], LAMPS [11] and RADWARE [19] have been used. The energy of the

different gamma rays are determined by carrying out the energy calibration using standard

radioactive sources (152Eu and 133Ba). To develop the level schemes, which is a fingerprint

of nuclear structure, the LIST mode data have been sorted into two-dimensional symmetric

γ − γ (4K × 4K) matrices with a typical gain of 0.5 keV/channel and γ − γ − γ cubes with

2keV/channel, after energy and efficiency calibration of all the detectors. The experimental ob-

servables in γ ray spectroscopy study are energy, intensity and relative time of γ rays, whereas

spin, parity of the nuclear levels are deduced quantities from the experimental data. The co-

incidence relations between different transitions and their relative intensities are used to build

the level scheme. The spin and parity of the nuclear levels are determined by the information

of the multipolarity and nature of γ transitions, decaying from the corresponding levels.

3.5.1 Spin-Parity assignment to the nuclear levels

Determination of spin-parity of the nuclear excited states is an important aspect of the gamma

spectroscopic measurements. The electromagnetic radiation is produced by localized oscillating
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(varying with time) charge and current densities and it can be described in terms of a multiple

moment expansion. For the electromagnetic field, a multipole expansion is a series expansion of

the potential produced by the above localized source, in terms of spherical harmonics or related

angular functions. Legendre’s polynomial can represent the model functions in a spherical har-

monics (in a spherical coordinate system) and the different terms are known as the multipole

moments like dipole moments, quadruple moments etc. In this case, the leading terms in a

multipole expansion are generally the most significant, and the higher order terms at large

distances can be approximated by the first few terms of the expansion. A classical electromag-

netic field (here γ rays) that is produced by oscillating charges and currents transmits angular

momentum as well as energy. In quantum domain, it follows that a multipole transition of

order 2l transfers an angular momentum of l~ per photon, where l belongs to the multipole

order. If we consider a gamma transition , decaying from an initial state of spin and parity with

Ii and πi to a final state of If , πf , the conservation of angular momentum requires, Ii = l + If

where l is the angular momentum quantum number. The conservation of angular momentum,

during an electromagnetic transition between the above two states, follows the selection rule

on the possible angular momentum carried off:

|Ii − If | ≥ l ≥ |Ii + If |, l 6= 0 (3.3)

It can be seen from Eq. 3.3, that the γ ray which link the two states, can take a minimum

value of angular momentum equal to l. These transitions and the states are referred to as

“stretched”, while others with higher multipole (higher l) are labeled as unstretched. The

value of l are defined as multipolarity of the transition. The conservation of the parity of

the two linking states determine Electric(E) or Magnetic(M) nature of the emitted radiation

following the equation:

π(Ml) = (−1)l+1 (3.4)

π(El) = (−1)l (3.5)

Thus, the states with same parity are linked through the M1, E2 or higher multipole transitions;

whereas the states with different parity are connected through E1, M2 transitions mainly. E0
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transitions are not allowed since the photon(γ ray) , which has an intrinsic spin of 1~, has to

carry at least one unit of angular momentum. Similarly, M0 transitions are also not found

experimentally because the magnetic monopoles do not exist. The radiation field will be a sum

of the multipole contributions; however, usually these lower order multipoles mainly dominates.

Furthermore, since magnetic transitions of a particular multipole order are less probable than

electric transitions of the same order, the probability of emission of a M1 transition always

competes with the probability of the emission of an E2 transition.

• Angular Distribution: In a fusion evaporation reaction, the angular momentum of the

compound nucleus is aligned in a plane perpendicular to the beam direction (z-axis). The

emission of neutrons from the excited nuclei, in 4π directions, causes some smearing of the

direction of polarization. However, the alignment of the residual nuclei still preserved for a

long time (nanoseconds). If the γ rays are emitted from a nucleus in such a state, their relative

intensities depend on the angles with respect to the beam direction. The angular distribution of

the relative intensities of the γ rays (with respect to the beam axis) depends on the multipolarity

of the transitions which in turn related to the spin parity of the initial and final states. The

theoretical Angular Distribution of a γ-transition, decaying from a state Ii to a state If with l

and l′ mixed multipolarities can be represented by the equation [21]:

W (θ) =
∑

µ

AµPµ(cosθ) (3.6)

where the angular distribution co-efficients Aµ depend on the multipolarity of the γ photon,

mixing ratio δ and the m-population width. P (θ) are Legendre polynomials. The angular

distribution of different multipolarities transitions, for both stretched and non-stretched one

and having the contribution of mixing ratio δ of higher multipolarity transition can be calculated

from the above equation using the prescription in Ref. [21]. Angular distribution depends on

different spin sequences of initial and final levels and thus the multipolarity of a particular

transition can be determined comparing the experimental values of the angular coefficients

with the theoretical values. To compare with the experimental angular intensity distribution

of a particular gamma ray, the higher multipole orders of Eq. 3.6 are ignored and the equation

60



is reduced up to three terms well known Legendre polynomial function as

W (θ) = A0(1 + a2P2(cosθ) + a4P4(cosθ)) (3.7)

where θ is the detector angle with respect to the beam axis and A0 is the normalization pa-

rameter. a2 and a4 coefficients are defined as a2=α2A
2
max, a4=α2A

4
max, details of which can be

found in Ref. [22]. The experimental data are then fitted with the Eq. 3.7 and the values of a2

and a4 are compared with theoretical ones to find out the multipolarity and mixing ratio, as

well as, to infer the stretched and non stretched nature of the transitions.

• DCO ratio analysis: In an experiment with a large array structure, the information of the

multipolarities of the γ rays are usually obtained from the analysis of the ratio of Directional

Correlation from Oriented states (DCO) [22]. For this purpose, an asymmetric γ-γ matrix,

with X-axis containing the data from the detectors near 0◦ (θ1) and Y-axis containing the data

from the 90◦ (θ2) detectors is generated. The DCO ratio of a transition (γ1) is then obtained

from the ratio of its intensities at two angles θ1 and θ2 gated by another transition (γ2) of

known multipolarity, as per the following expression.

RDCO =
Iγ1at θ1, gated by γ2 at θ2
Iγ1at θ2, gated by γ2 at θ1

(3.8)

For a pure stretched quadruple or dipole transition, the RDCO should be close to unity when

gated by a pure transition of same multipolarity. For the gating transition of different mul-

tipolarity, the RDCO value depends on the nature of the gating transition. Typically if θ1 is

chosen to be very closed to 0◦ (e.g. -23◦) with respect to the beam axis, the values of RDCO

come out to be ∼ 1.0 (2.0) for pure stretched dipole (quadruple) transitions when gated with a

stretched pure dipole transition. On the other hand for a stretched quadruple gate, the values

are found to be ∼ 0.5 (1.0) for pure stretched dipole (quadruple) transitions. By definition, the

value RDCO can only predicts the multipolarity of stretched and pure (zero mixing) transition.

For non stretched or highly mixed transitions, one has to carry out the angular distribution

measurements to infer the proper multipolarity of the transitions.

• Polarization calculation: The close-pack configuration of four Ge crystals in a Clover de-

tector allows to assign the Parity of the most excited states from the polarization measurement.
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The information regarding the type (electric or magnetic) of the transitions are obtained from

the Integrated Polarization Directional Correlation (IPDCO) asymmetry parameter(∆IPDCO)

following the prescription of Ref. [23, 24]. The Compton suppressed Clover detectors placed at

90◦ with respect to beam direction are usually used for polarization measurement for maximum

polarization sensitivity. The IPDCO asymmetry parameter is defined as,

∆IPDCO =
a(Eγ)N⊥ −N‖
a(Eγ)N⊥ +N‖

(3.9)

where N‖ and N⊥ are the number of counts corresponding to the counts of the Compton

scattered components of a γ ray in the planes parallel and perpendicular to the reaction plane,

respectively. Here, a(Eγ) is the correction factor due to geometrical asymmetry of the detector

array w.r.t. the target position or asymmetry w.r.t the four crystals of a Clover Ge detector.

This factor [a(Eγ)=N‖/N⊥] can be obtained using scattered components of γ rays from an

unpolarized source. The a(Eγ)=N‖/N⊥ factor is obtained from different γ ray energy from

standard unpolarized 133Ba and 152Eu radioactive sources. In order to extract the parallel

and perpendicular scattered component of a γ transition, two asymmetric Eγ-Eγ matrices,

corresponding to parallel and perpendicular scattered events of the Clover detectors at 90◦

along one axis and the coincident γ rays from the other detectors along another axis, were

constructed. From the projected spectra of the above matrices, the number of counts in the

perpendicular (N⊥) and parallel (N‖) scattering for a given γ ray was obtained. The positive

and negative values of ∆IPDCO indicate the electric and magnetic nature of the transitions

respectively. If the transitions are non stretched or mixed, the nature of transitions cannot

be inferred only from the ∆IPDCO value. The Polarization(P) value then needs to be found

out from the experimental Sensitivity(Q). The asymmetry parameter ∆IPDCO is related to the

Polarization value with the relation

P = ∆/Sensitivity(Q). (3.10)

. The polarization sensitivity is a experimental factor which arise due to the extended source of

the emitted radiation and the geometrical asymmetry caused by the orientation of the detectors

at 90◦. To find out the experimental value of Q for a particular set up, few E2 transitions (with

different energies) with known ∆IPDCO, produced in the same experiment are chosen. From
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the experimental angular distribution coefficients of those E2 transitions, Polarization (Pcal)

value is calculated following the equation:

P(90◦) = ±a2H2 − 7.5a4H4

2− a2 + 0.75a4
. (3.11)

where the ± sign is for without (with) parity change respectively. . The value of a2 and a4 are

calculated from the relation a2=α2A2, a4=α2A4 as already defined in previous subsection and

A2, A4 etc are calculated as

Aµ(γ) = Aµ(Iill
′

If ) =
Fµ(If llIi) + 2δ(γ)Fµ(If ll

′
Ii + δ2(γ)Fµ(If l

′
l
′
Ii)

1 + δ2(γ)
(3.12)

Where δ is the mixing of multipole l with higher multipole l′(= l + 1), the Fµ coefficients

are listed in Ref. [27]. µ is the order of multipole. Details of this calculation can be found

in Ref. [22]. The value of Q has been calculated for different energy range using the above

formulation, plotted as a function of energy of γ rays. Using the value of this Q, the Polarization

values(Pcal) of unknown, mixed or non-stretched transitions are calculated and compares with

the theoretical value of Polarization (P) and from that one can predict the exact multi-polarity

with the information of the mixing δ as well.

The DCO ratio and Polarization asymmetry measurements have been done for Jπ assignments

of the most of the levels of the nuclei, studied in the present thesis. For crucial cases of

non-stretched or mixed transitions, careful analysis, involving the comparison with theoretical

values have been performed.
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Chapter 4

Yrast and non yrast spectroscopy of

199T l using α-induced reaction

4.1 Introduction

The Fermi surface for the proton in Thallium nuclei situated just below Z = 82 shell closure.

Therefore the 1/2+ spin-parity of the ground state of the odd mass Tl isotopes can be interpreted

as generated by the occupation of one proton hole in 3s1/2 orbital [1, 2, 3]. It is evident

from the Nilsson diagram that high-j (πh9/2, πi13/2, νi13/2 near A∼200) orbitals comes down

in energy for both prolate and oblate deformation and intrude into the neighbouring major

shells. Thallium isotopes(Z=81), with only one proton below the Z = 82 shell closure, are

the most appropriate candidates to extend our knowledge on the polarizing effect of the high-j

proton intruder orbitals (e.g πh9/2, πi13/2) or high-j neutron orbitals (e.g. νi13/2) on the shape

of a nucleus, which are otherwise near-spherical at their ground state. Consequently, rotational

bands based on the πh9/2 and the νi13/2 orbitals have been observed from neutron number

N = 102 [4] up to the neutron number as close as N = 120 [25] to the N = 126 spherical

shell closure. Several interesting and exotic phenomena, like Magnetic rotational bands [9] and

Chiral bands [14, 13, 15] have been reported in the Thallium isotopes around A∼200 mass
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region. The properties of these various exotic modes of excitation need proper nuclear models

for explanation and spur interest in understanding the configurations involved. It is, therefore,

interesting to investigate the interplay of the single particle structures (involving high-j orbitals)

and the collectiveness of the underlying core that generates the above exotic phenomena, below

the Z = 82 shell closure region [7, 1, 2]. It is known that the high-j orbitals, specially, πh9/2 and

νi13/2, induce oblate shape in the nuclei near A 200 [3] region. In the case of the odd-A Tl nuclei,

a wide diversity of shapes and structures have been observed from prolate shapes in neutron

deficient 183,185,187Tl [4, 14], super-deformed structures in 189,191,193,195Tl [15, 16, 17, 18, 19] to

weakly deformed oblate band structures in 191,193,195,197,201Tl [20, 21, 17, 25], depending on the

neutron Fermi level and the excitation energy. In the heavier isotope 203Tl, which is close to

the doubly magic 208Pb nucleus, rotational structure has not been observed on πh9/2 orbital

[23]. With more neutrons, being close to the N=126 shell closure, excited states corresponding

to the octupole core excitation were also observed [24] in 205Tl. Although deformed shapes

based on the πi13/2 intruder orbital have been observed for the lighter Tl isotopes, no such

band structure has been reported in heavier odd-mass Thallium isotopes[23, 24]. A survey of

the excitation energies of these states in the heavier isotopes indicates that it becomes more

and more non-yrast with the increase in neutron number [25]. In the neighboring isotope 197Tl,

an excited state corresponding to the πi13/2 orbital has been reported but no band structure

was observed on top of this state [26]. A recent work extend the band structure on the 1-

quasi-particle(qp) and 3-qp structure in 197Tl beyond band crossing with observation of two

new Magnetic Rotational (MR) bands based on 3-qp and 5-qp structure [10].

It is interesting to note that the shape polarizing effect of the πh9/2 orbital still continues to

generate deformed band structures for the isotopes 200,201Tl, as reported in our previous work

[12, 25]. However, the 3-qp configuration, observed after the band crossing of the πh9/2 oblate

band, in the N = 120 isotope 201Tl was interpreted to be different with smaller gain in aligned

angular momentum compared to the other lighter isotopes. This is possibly because of the fact

that the neutron Fermi level moves up and away from the νi13/2 orbital with the increase in

neutron number reducing the probability of breaking a neutron pair in νi13/2. For spherical

shape, the neutron Fermi level is expected to be situated around the 3p3/2 orbital above the
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i13/2 orbital for N ≥ 114. However, for oblate deformation, as it is the case for the Tl isotopes,

it would move up to lie close to the 2f5/2 orbital for N ≥ 118. Therefore, it is important to

study the band crossing behaviour of 199Tl to understand the relative position of the νi13/2

orbital.

The available information on the excited states in 199Tl was very scarce and limited to a few

low-lying states which precludes one to get any idea about the νi13/2 alignment. One of the

first experiments to observe the excited states of 199Tl was performed way back in 1970 by J.O.

Newton et al. [29], with a few Ge(Li) detectors. Although only a few levels could be identified

in that work, but importantly, the existence of deformed πh9/2 state was predicted by them.

Information on the low-spin states in 199Tl was also reported from the Elctron Capture decay

(EC-decay) study of 199Pb [16]. The band based on the πh9/2 in
199Tl have been extended by N.

Marginean et. al.[31] with a set of LaBr3(Ce) detectors, along with 6 HPGe detectors [31]. A few

new excited states could be identified in that work, but the main focus of that experiment was

to measure the lifetime of the excited states using the fast scintillator detectors in combination

with the HPGe detectors. It may be noted that the chiral bands in 195Tl [14] and MR band

in 197Tl [10] are found to occur at higher excitation energy beyond the band crossing. Untill

recently [32], the states beyond the band crossing were not known and experimental studies

need attention to probe the effect of the available high-j orbital in band structures as a function

of increasing neutron number around A∼200.

In the present thesis, we have used the α induced fusion evaporation reaction to populate 199Tl

to investigate the yrast and non-yrast states in 199Tl as well as the band crossing behaviour

of the πh9/2 band [30]. With the availability of high efficiency, high resolution new generation

HPGe Clover detectors, it has become possible to obtain more complete information about the

detailed band structures of 199Tl. Many new transitions and states has been established with

proper spin-parity assignments. The band structure has been interpreted in comparison with

the neighbouring isotopes. Total Routhian Surface calculation has been done and compared

with the experimental results.
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4.2 Experiment and Data Analysis

The excited yrast and near yrast states of 199Tl were populated using 197Au(α,2n) fusion evapo-

ration reaction with a 30 MeV α beam from the K-130 Cyclotron at VECC, Kolkata. The beam

energy was chosen to maximize the population of the 2n evaporation channel. A unique reaction

channel can be populated via alpha induced reaction with large cross section. The decaying

γ rays from the excited states were detected using VECC Array for NUclear Spectroscopy

(VENUS) [30] at VECC, at a distance of ∼ 26 cm from the target position. The signals from

the 6 Clover detectors were processed using 16 channel Mesytec amplifiers and the energy signal

were collected with 13 bit high resolution 32 channel VME ADCs and VME based data acqui-

sition system using LAMPS [31]. Standard NIM analogue electronics were used to process the

signal from BGO shields and for other trigger logic to collect the data with two master trigger

conditions, singles mode (atleast one Clover “fires”) for the angular distribution measurement

and doubles mode (atleast any two Clovers “fire”) for the γ - γ coincidence measurements. Six

Time-to-Amplitude-Converters (TACs) were used to measure the time between the individual

OR of all the crystals of a Clover detector and the Master trigger. Another TAC was used

for timing measurements of the events with respect to the RF signal from Cyclotron. The effi-

ciency and energy calibrations of each detector were carried out using 133Ba and 152Eu standard

radioactive sources, placed at the target position. The details of the experimental set up of

VENUS is described in Chapter 3.

Data were sorted using LAMPS [31], INGASORT [20] and Radware [19] software packages. A

symmetric γ-γ matrix was generated to obtain the coincidence relations of the γ rays and an

asymmetric DCO matrix was also formed using the data from the two detectors each in the

backward (30◦) angle and at 90◦ angle to find out the Directional Correlation from Oriented

states (DCO ratio)as per the prescription in Ref. [22] for various transitions. The 90◦ detectors

are also used for the measurements of Integrated Polarization from Directional Correlation of

Oriented states (IPDCO) [23, 24] for assigning the parity of the states. The raw data from all

the 24 crystals were calibrated and gain matched to 0.3 keV/ch to form six addback spectra.

These are used for generating the Eγ-Eγ 2-D matrix by selecting the prompt part of the TAC
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Figure 4.1: Total spectrum of γ rays detected in singles trigger condition in the reaction

197Au(α,2n). (a) The lower energy part (upto 460 keV) and (b) the higher energy part (461-

980 keV) of the spectrum. The new transitions observed in the present work are marked with

‘*’. The other transitions, marked with ‘#’ are from decay of 199Tl or from neighboring nuclei

spectrum of each clover as well as the prompt part of the RF-γ TAC to select the prompt γ-γ

coincidence events.

A spectrum obtained from the current data in singles trigger mode is shown in Fig. 4.1. Almost

all the γ rays observed in this singles spectrum in Fig. 4.1 belong to 199Tl. Other than the

known transitions, the new transitions from the present measurement are marked with ’*’. All

the other transitions marked with ’#’, are either from the beta decay of 199Tl to 199Hg or

from neighboring nuclei which were also populated in the above reaction but with very less

cross-section. This indicates the advantage of using α beam to produce 199Tl nucleus almost

uniquely with very small contamination from the other channels.

70



120 180 240
40

50

60

70

120 180 240

50

60

70

80

120 180 240
2

3

4

120 180 240

5

6

7

120 180 240

5

6

7

120 180 240
5
6
7
8
9
10

120 180 240
16

18

20

22

120 180 240
10

15

20

25

598
(h)

124

332

 

702

794

824

 

 

 

In
te

ns
ity

 (A
rb

itr
ar

y 
U

ni
t)

486

 (e) (f)

(d)

(a) (b)

In
te

ns
ity

 (A
rb

itr
ar

y 
U

ni
t)

 

(c)

(g)

Angle (deg)

838
 

 

Angle (deg)

Figure 4.2: Angular distribution of various transitions in 199Tl obtained in the present work.

(a),(c),(e),(g) are for quadrupole transitions. (b),(d),(f),(h) are for dipole transitions. The

transition energies are also shown in each plot.

The angular distribution of the γ rays, the DCO ratios and the IPDCO values were used to

determine the multipolarities and the natures (E/M) of the transitions in order to assign the

spins and parities (Jπ) of the states. The angular intensity distribution of the transitions of
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199Tl from the singles data, after correcting for the efficiency of the respective detectors, is used

for fitting the well known Legendre polynomial function,

W (θ) = a0(1 + a2P2(cosθ) + a4P4(cosθ)) (4.1)

where, θ is the detector angle with respect to the beam axis and a0 is the normalization

parameter as described in Chapter 3. The value of these angular distribution coefficients (a0,

a2, a4) could be utilized to confirm the multipolarity as well as the stretched and non-stretched

nature of the transitions. Fig. 4.2 represents the angular distribution of some of the stretched

dipole and stretched quadrupole transitions from the current data. The 702 keV and 332 keV

transitions are reported as pure quadrupole and dipole, respectively from the previous work

[31] and can be clearly verified from the nature of their fit. Multipolarity of the two newly

assigned transitions of energy 794 keV (Quadrupole) and 124 keV (dipole) can also be inferred

from their angular distribution nature. The 486 keV transition was previously assigned as M1

by N. Marginean et. al.[31] which established to be of higher multipolarity (Quadrupole) from

the current angular distribution analysis. The dipole nature of the 598 keV transition could

only be confirmed from its angular distribution, shown in the Fig. 4.2(h), as the DCO ratio for

this transition, in a gate of stretched transition, was not possible to obtain from the current

data.

The multipolarity of most of the transitions, however, was obtained from the DCO

ratios(RDCO), as defined in Chapter 3. The x and y-axis of this asymmetric γ-γ DCO matrix

are the addback spectra of the two 90◦ detectors and of two backward 30◦ detectors, respec-

tively. In the present experimental setup typical value of RDCO for a dipole or quadrupole

transition (for γ1) comes out to be 1.0 when gated by a transition of same multipolarity (γ2).

But when gated by known quadrupole (dipole) γ2 then the DCO ratio value of γ1comes out

to be close to 0.5(2.0) for dipole (quadrupole) transition. This definition is only true when

both γ1 and γ2 are stretched transition and mixing ratio (δ) of the higher order multipole is

small. The parities of the most of the excited states, populated in the present work could be

assigned from the polarization measurements i.e. (IPDCO) asymmetry parameter following
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the prescription of Ref. [23, 24] as stated in Chapter 3. The 90◦ detectors are used for this

purpose to maximize the sensitivity of the polarization measurements. The IPDCO asymmetry

parameter (∆IPDCO) as described in Chapter 3, is used to determine the nature of the observed

γ rays. The correction factor, a(Eγ) [=
N‖

N⊥
] which addresses the geometrical asymmetry of the

detector array or asymmetry in the response of the four crystals of a Clover Ge detector, is

obtained from the known γ rays from unpolarized source. In the present work, it is obtained

from the γ rays of 199Hg produced from the β-decay of the ground state of 199Tl having a half

life of 7.42 hours [41]. The decay γ rays from the excited 199Hg were recorded in the singles

trigger mode in the same experiment at the end of the in-beam measurement. The variation of

a(Eγ) factor as a function of γ ray energies is shown in Fig. 4.3. The solid line in this plot is the

fitting of the data points with a linear equation a(Eγ)=a0+a1Eγ . These fitted values of a0 and

a1 have been used to determine the ∆IPDCO as prescribed in Chapter 3. For various transitions

in 199Tl, the ∆IPDCO values are given in Table 4.1. The DCO ratio and the ∆IPDCO values of

various known and new transitions are also shown in Fig. 4.4.

4.3 Results

The level scheme of 199Tl, as obtained in the present work is shown in Fig. 4.5. The level

scheme is significantly extended compared to the previous work [31] with the placement of

53 new transitions establishing few new bands with different configurations. These bands and

sequences of transitions are named as B1, B2, B3, B4, B5, B6, B7 in Fig. 4.5 for the convenience

of describing them. The level scheme has been formed, based on the coincidence relationships,

relative intensities of the transitions and the spin-parity assignments of the associated energy

levels from angular distributions, RDCO, and ∆IPDCO values. The energy of the γ ray transitions

observed in this work, the corresponding initial level energies and intensities, the spins and

parities of the initial and final levels along with the other relevant quantities in 199Tl from the

present work are tabulated in Table: 4.1.
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Figure 4.3: (color online) Asymmetry factor from various decay transitions in 199Hg produced

in the present work and Linear fit of that with respect to energy.

The level scheme has been extended in mainly two parts, one corresponds to the bands B5,

B6, and B7 which bypass the known 28.4 ms 9/2− isomer [29]; and the second, above this

isomer represented by bands B1, B2, B3 and B4. The 748.9 keV 9/2− isomer (28.4 ms) was

known from the previous decay study of 199Pb [16], and from Ref. [1] by pulse beam method.

Band B1 in Fig. 4.5 is built on this isomer. The coincidence gate of the 332 keV transition in

Fig. 4.6(a) shows all the transitions (except the 702 and 749 keV transitions which are parallel

with respect to it) which belong to band B1.

All the new transitions from the other sequences above the 9/2− isomer i.e. 328, 466, 388, 406,

181, 172, 124, 578, 218, 804 keV etc. are also seen in the coincidence spectrum of 332 keV in

Fig. 4.6(a). A coincidence spectrum corresponding to the newly identified 794 keV transition

is shown in Fig. 4.6(b) belonging to band B1. Transitions, which belong to band B1 but are

not in coincidence with 794-keV transitions are: 328, 466, 638, 388, 406, 578, 744, 804 keV and

74



-0.2 -0.1 0.0 0.1 0.2

0.2

0.4

0.6

0.8

1.0

1.2

1.4

629

M2
E2

E1

838486

690

744 535

896

749 841

774
521

328

794258824

301

332

369

416

218

236

D
C

O

IPDCO

DCO in Quadrupole Gate

196

M1

Figure 4.4: DCO ratio vs polarization asymmetry (∆IPDCO) of various transitions in 199Tl
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correspond to the values for dipole and quadrupole transitions in a pure quadrupole gate,

respectively and are shown to guide the eye. The dotted line parallel to Y-axis is to guide the

eye for +ve and −ve values of ∆IPDCO for electric and magnetic transitions, respectively.

can be verified comparing Fig. 4.6(a) and Fig. 4.6(b). They are placed parallel to the 794 keV

transition in the level scheme. Similarly, in the coincidence gate of 749 keV(belongs to band

B1) 328, 466, 388, 406, 578 keV transition can be seen along with other transitions in band

B1. Only 804 and 744 keV transitions are absent from the coincidence spectrum of 749 keV,

thus these two transitions are parallel to both 794 and 749 keV transition. While comparing

the coincidence gates of the 749 and 794 keV transitions from Fig. 4.6(b) and (c) it is clear

that they are in coincidence with each other, while the cascade 416 & 332 keV (466 & 328

keV) corresponding to the crossover transition of 749 keV (794 keV) is only present in 794 keV

(749 keV) gate confirming their relative placements in the level scheme. The DCO ratios of the
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Figure 4.6: Coincidence spectra corresponding to gates of (a) 332 keV, (b) 794 keV, (c) 749 keV

transitions pertaining to the band B1 and partly from the band B2, B3, B4 in 199Tl. ’*’ marked

transitions are newly placed in the level scheme.

416, 388, 328, 406, 466, 172 keV transitions are found to be around 0.5 in Quadrupole gates,

thus are marked as dipoles in Table 4.1. Comparing the coincidence gates of 749 keV and
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744 keV, two different cascades (466 & 328 keV and 406 & 388 keV) of M1 transitions appear

between 19/2− and 15/2− spin levels. The 638, 466 and 172 keV γ rays are clearly present in

the gate on 744 keV (not shown) whereas the absence of 328 keV and 794 keV γ rays confirms

the 744 and 794 keV as parallel transitions. The cross-over transitions corresponding to the

uppermost levels of band B1 could not be identified from the present data. It is clearly seen

from the Fig. 4.6(b)and (c) that the 332 keV transition is present in the 794 keV gate whereas

in the gate of 749 keV gate only the 328 keV transition is present which ensures a new 328 keV

transition in coincidence with the 749 keV transition but parallel with 794 keV transition. The

spin and parity of the 2254.8 keV level has been fixed as 17/2− based on the E2 character of the

804 keV transition. The 578 keV transition also determined to be of E2 nature and thus the Jπ

of 2832.8 keV level is fixed as 21/2−. The 172, 111, 116 and 226 keV transitions are present in

all the gates shown in Fig. 4.6(a),(b),(c) but the 172-keV transition is not in coincidence with

578 or 638 keV transitions. This leads to the placement of the 172 keV γ ray in parallel with

the 638 and 578 keV transitions, whereas the 111, 116 and 226 keV γ rays are placed on top of

2832.8 keV level of the band B1. Though the ∆IPDCO value of 172 keV transition could not be

determined, the Jπ of the 2832.8 keV and 2661.0 keV levels, established it as a M1 transition.

The Jπ of the three top most levels in band B1 are determined only from the RDCO values of

the 111, 116 keV transitions, as their ∆IPDCO could not be found and the parity of those levels

are put in parentheses. Thus the band B1 is extended upto Jπ of (27/2−) with the placements

of these transitions.

A new band structure marked as band B2 in Fig.4.5 has been established based on the level at

1985.2 keV which decays to the main band (B1) through the 535 keV and 118 keV transitions.

The spin and parity of the band head of B2 at 1985.2 keV is fixed as 17/2− on the basis of

the E2 nature of the 535 keV transition, determined from its measured RDCO value of 1.09(2)

(in quadrupole gate) and ∆IPDCO as 0.08(5). The presence of the transitions 181, 270, 418,

486, 643, 712, 723, 824 and 896 keV belonging to band B2, are evident from the coincidence

spectrum gated by the 535 keV transition as shown in Fig. 4.7(a). But the 181, 270, 643,

824 keV transitions are not observed in 486 keV gated spectrum of Fig. 4.7(b). Inference can

be drawn from the above fact that 181, 723, 824 and 643 keV γ rays are in parallel with
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Figure 4.7: Coincidence spectra gated by (a) 535 keV and (b) 486 keV corresponding to the

transitions of band B2 in 199Tl. ‘*’marked transitions are newly placed in the level scheme.

486 keV γ rays. The band B2 has been formed depending on various coincidence conditions.

The 486 keV transition was reported as a M1 transition in the previous work [31]. However, in

the present work, the multipolarity and nature of the 486 keV transitions (E2) has been fixed

from the DCO ratio of 1.05(2) (in quadrupole 535 keV gate), angular distribution value and

∆IPDCO value of 0.15(8) which fixed the Jπ of the 2470.8 keV level as 21/2−. The ∆IPDCO

value of the 723 keV transition could not be measured due to the contamination of 724 keV

transition from band B5. But M1 character of the 418-keV transition, deduced from its DCO

and ∆IPDCO values, fixed the spin of the 2889.3 keV level as 23/2−. Appearance of the 118

keV γ ray and absence of the 181 keV γ ray in the 486 keV gate also confirms that the 118 &

181 keV cascade (both M1) transitions and 535 & 486 keV cascade transitions are in parallel

to each other. With the placement of these transitions and their cross-overs in this band, the

band B2 has been extended upto 25/2−. The presence of the connecting transitions between

the bands B1 and B2 are also seen in Figs. 4.7. The sequence B2 is not established as a well
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Figure 4.8: Coincidence spectra corresponding to gates of (a) 629 keV, (b) 363 keV, (c) 124 keV

transitions corresponding to the band B3 and B4 in 199Tl. ‘*’marked transitions are newly

placed in the level scheme.

developed band, few of the intra band M1 transitions are not observed. The levels of this band

are connected with few discrete excited states through 643, 736, 712 keV transitions.
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Table 4.1: The energies of the γ ray transitions (Eγ), the

energies of the initial levels (Ei), the spins and parities

of the initial (Jπ
i ) and final (Jπ

f ) levels along with the

relative intensities (Iγ) , DCO ratios (RDCO) and IPDCO

values (∆IPDCO) for all the transitions in 199Tl from the

present work are shown. The proposed multipolarities of

the γ rays are also mentioned.

Eγ Ei Jπ
i → Jπ

f Iγ(Err)
1

RDCO(Err) ∆IPDCO(Err) Deduced

(in keV) (in keV) Multipol.

(28.7)
2

748.9 9/2− → 5/2+ - - - M2

111.2(2) 2944.0 23/2(−) → 21/2− 0.92(16) 0.35(9)
3

- (M1+E2)

116.0(1) 3060.0 25/2(−) → 23/2(−) 0.42(12) 0.66(7)
4

- (M1+E2)

116.1(1) 2195.3 17/2(+) → 15/2+ 0.34(13) 1.02(9)
5

- (M1+E2)

118.3(1) 1985.2 17/2− → 15/2− 0.31(13) - - (M1+E2)

123.8(1) 2203.0 17/2+ → 15/2+ 3.34(31) 1.05(3)
5

- (M1)

171.8(1) 2832.8 21/2− → 19/2− 1.10(18) 0.41(7)
4

- (M1+E2)

181.4(1) 2166.6 19/2− → 17/2− 3.73(31) 0.61(2)
6

-0.17(12) M1+E2

195.9(1) 2649.1 21/2(+) → 19/2(+) 2.13(58) 0.44(4)
4

-0.06(5) M1+E2

202.6(1) 2405.6 19/2+ → 17/2+ 7.09(43) 0.52(2)
4

-0.06(8) M1

204.8(2) 1410.2 9/2+ → 7/2+ 3.95(13) - - (M1+E2)

206.0(1) 1616.2 9/2+ → 9/2+ 0.40(3) 0.99(11)
7

- M1+E2

217.8(1) 2866.9 23/2(+) → 21/2+ 1.71(22) 0.62(7)
4

-0.08(6) M1+E2

226.0(1) 3286.0 (27/2−) → 25/2(−) 0.45(11) - - (M1)

236.3(2) 2641.9 21/2+ → 19/2+ 3.37(31) 0.45(4)
4

-0.09(4) M1

240.0(2) 2169.4 (13/2+) → 11/2+ 0.56(12) - - -

257.9(2) 2453.2 19/2(+) → 17/2(+) 5.93(38) 1.17(3)
5

-0.002(6) (M1)

269.6(1) 2254.8 17/2− → 17/2− 0.40(13) - - -

288.5(1) 1493.9 9/2+ → 7/2+ 3.08(21) - - M1
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Table 4.1: Continued...

Eγ Ei Jπ
i → Jπ

f Iγ(Err)
1

RDCO ∆IPDCO Deduced

(in keV) (in keV) (Err) (Err) Multipol.

300.8(1) 2706.4 21/2+ → 19/2+ 4.51(49) 0.48(3)
4

-0.03(2) M1

321.5(1) 2250.9 13/2+ → 11/2+ 1.14(15) 0.65(6)
8

- (M1+E2)

326.4(1) 2405.6 19/2+ → 15/2+ 1.78(29) 1.04(16)
4

0.17(14) E2

328.0(1) 2194.9 17/2− → 15/2− 2.31(29) 0.53(6)
4

-0.05(9) M1

332.2(1) 1450.5 13/2− → 11/2− 47.21(7) 0.46(1)
4

-0.02(1) M1

338.9(1) 2809.7 19/2− → 21/2− 0.27(4) - - (M1)

353.3(1) 720.2 5/2+ → 3/2+ 52.6(9) 0.80(1)
9

-0.04(2) M1+E2

363.2(1) 2079.2 15/2+ → 13/2− 14.18(5) - - (E1)
11

366.9(1) 366.9 3/2+ → 1/2+ 76.22(17) 0.68(14)
10

-0.03(10) (M1+E2)

369.4(1) 1118.3 11/2− → 9/2− 100.0(2) 0.32(1)
6

-0.02(1) M1+E2

382.0(1) 748.9 9/2− → 3/2+ 49.58(6) - - E3
11

387.9(4) 2254.8 17/2− → 15/2− 1.08(65) 0.47(9)
4

-0.07(3) M1

400.0(1) 1810.2 11/2+ → 9/2+ 1.75(9) 1.06(7)
7

-0.16(4) M1

406.2(2) 2661.0 19/2− → 17/2− 1.19(20) 0.26(11)
4

-0.05(4) M1+E2

410.8(1) 1616.2 9/2+ → 7/2+ 0.33(5) 0.85(8)
9

-0.02(2) M1+E2

416.4(1) 1866.9 15/2− → 13/2− 18.97(67) 0.33(1)
3

-0.04(2) M1+E2

417.1(1) 1911.0 11/2(+) → 9/2+ 1.83(12) 0.45(6)
10

- (M1+E2)

418.5(1) 2889.3 23/2− → 21/2− 2.16(16) 0.47(3)
6

-0.02(69) M1

423.2(1) 2626.2 19/2− → 17/2+ 3.14(29) 0.59(5)
4

0.03(18) (E1)

438.9(3) 2641.9 21/2+ → 17/2+ 1.19(10) 1.81(24)
5

- (E2)

466.1(1) 2661.0 19/2− → 17/2− 2.09(29) 0.54(7)
3

-0.02(2) M1

475.0(1) 2191.0 (15/2−) → 13/2(−) 1.31(1) - - (M1)

477.5(1) 1682.9 9/2+ → 7/2+ 0.54(1) 0.55(3)
12

- (M1+E2)

485.6(1) 2470.8 21/2− → 17/2− 8.96(67) 1.05(2)
6

0.15(8) E2

500.6(1) 2430.0 (−) → 11/2+ 0.68(7) - - -

520.8(1) 2014.7 13/2− → 9/2+ 1.90(9) 0.94(12)
10

-0.03(3) M2

82



Table 4.1: Continued...

Eγ Ei Jπ
i → Jπ

f Iγ(Err)
1

RDCO ∆IPDCO Deduced

(in keV) (in keV) (Err) (Err) Multipol.

534.7(1) 1985.2 17/2− → 13/2− 34.91(92) 1.09(2)
4

0.08(5) E2

566.0(1) 3272.4 25/2+ → 21/2+ 2.49(23) 2.01(69)
5

0.05(3) E2

578.0(1) 2832.8 21/2− → 17/2− 1.08(31) 1.00(28)
4

0.05(18) E2

580.0(1) 2191.0 (−) → 13/2− 1.72(3) - - -

597.7(1) 1716.0 13/2− → 11/2− 33.40(49) - - (M1)

628.7(1) 2079.2 15/2+ → 13/2− 56.10(6) 0.55(1)
4

0.02(5) E1

637.9(1) 2832.8 21/2− → 17/2− 0.83(27) - - (E2)

643.1(1) 2809.7 19/2− → 19/2− 1.30(27) 0.51(7)
6

- (M1)

645.2(1) 1394.1 11/2− → 9/2− 12.40(5) - -0.01(1) M1
11

,
13

674.9(1) 2168.8 9/2(+) → 7/2+ 1.51(7) 0.52(11)
10

- (M1+E2)

690.0(1) 1410.2 9/2+ → 5/2+ 6.72(28) 1.03(5)
10

0.01(4) E2

701.6(1) 1450.5 13/2− → 9/2− 45.44(6) 0.89(1)
6

0.07(5) E2

712.1(1) 3182.9 25/2+ → 21/2− 0.56(7) 1.02(42)
6

-0.21(7) M2

720.2(1) 720.2 5/2+ → 1/2+ 15.24(9) - 0.02(15) E2
13

722.7(1) 2889.3 23/2− → 19/2− 0.79(9) 0.98(9)
6

- (E2)

724.0(1) 1929.4 11/2+ → 7/2+ 3.29(11) 1.06(3)
12

0.15(10) E2

736.0(1) 3206.8 25/2− → 21/2+ 3.29(11) 0.90(11)
6

-0.02(2) M2

744.4(1) 2194.9 17/2− → 13/2− 10.15(52) 1.08(5)
4

0.005(18) E2

748.6(1) 1866.9 15/2− → 11/2− 9.52(3) 1.14(4)
3

0.04(6) E2

761.7(1) 1481.9 9/2(+) → 5/2+ 3.52(21) 0.90(11)
10

- (E2)

773.7(1) 1493.9 9/2+ → 5/2+ 4.95(23) 1.03(5)
10

0.10(3) E2

794.1(1) 2661.0 19/2− → 15/2− 3.68(34) 0.88(6)
4

0.06(6) E2

804.3(1) 2254.8 17/2− → 13/2− 5.70(38) 0.96(5)
4

0.09(6) E2

824.5(1) 2809.7 19/2− → 17/2− 0.83(20) 0.63(9)
4

-0.02(1) M1+E2

838.5(1) 1205.4 7/2+ → 3/2+ 13.55(5) 1.06(3)
8

0.03(3) E2

840.7(1) 2250.9 13/2+ → 9/2+ 3.79(5) 1.18(19)
10

0.10(9) E2
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Table 4.1: Continued...

Eγ Ei Jπ
i → Jπ

f Iγ(Err)
1

RDCO ∆IPDCO Deduced

(in keV) (in keV) (Err) (Err) Multipol.

896.3(1) 3367.1 25/2− → 21/2− 1.10(20) 1.02(12)
6

0.06(13) E2

902.6(1) 2832.0 (−) → 11/2+ - - - (-)

950.8(1) 2880.2 (15/2+) → 11/2+ - - - (E2)

962.7(1) 1682.9 9/2+ → 5/2+ 2.20(2) 1.04(7)
10

0.02(9) E2

967.1(1) 1716.0 13/2− → 9/2− 0.97(2) - 0.07(10) E2

The Jπ = 15/2+ level at 2079.2 keV was known as the highest observed level in Ref.[29]. A

cascade of transitions(124, 326, 203, 301 keV) have been observed in the present work, which

are placed on top of this level as band B3. A separate branch, B4, has also been established

above the 2079.2 keV level through the 116 keV γ ray. These two γ-lines are clearly observed

in the 629-keV gated spectrum shown in Fig.4.8 (inset). The newly observed transitions in

bands B3 and B4 are shown in the coincidence spectra of the 629-keV, 363-keV and 124-keV

transitions, showed in Fig. 4.8(a), (b) and (c) respectively. It can be seen that the 116-keV

γ ray is not observed in the spectrum gated by the 124-keV transition, which confirms the

1Relative γ ray intensities are estimated from prompt spectra and

normalized to 100 for the total intensity of 369.4-keV γ ray.
2Unobserved transition, Adopted from Ref [31]
3From 794.1 keV (E2) DCO gate;
4From 701.6 keV (E2) DCO gate;
5From 628.7 keV (E1) DCO gate;
6From 534.7 keV (E2) DCO gate;
7From 353.3 keV (M1+E2) DCO gate;
8From 724.0 keV (E2) DCO gate;
9From 366.9 keV (M1+E2) DCO gate;

10From 720.2 keV (E2) DCO gate;
11Adopted from Ref [29] or [31]
12From 838.5 keV (E2) DCO gate;
13Multipolarity has been found from angular distribution;
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Figure 4.9: Coincidence spectra gated by (a) 258 keV and (b) 203 keV corresponding to the

transitions of band B4 and B3 respectively in 199Tl. ‘*’marked transitions are newly placed in

the level scheme.

parallelism of 124 keV and 116 keV transitions and two different branches B3 and B4 on the

top of these transitions respectively.

The 416 or 749 keV transitions are absent in the coincidence spectrum of 629 keV while the

702 keV line is in coincidence with it. So the 629 keV γ ray connects with the main band (B1)

through 1450.5 keV level. Both the 598 keV and 967 keV lines are present in the gate on 363 keV

[Figure 4.8(b)] whereas 629 keV and 702 keV are not present. These coincidence relations place

the 363 keV in parallel with 629 keV transition but in a cascade with the 967 keV or 598 keV

transition. From DCO ratios, the multipolarities of the 124 keV and 116 keV transitions are

assigned as M1. Therefore, positive parity is assigned to the bands B3 and B4. It is clearly seen

from Fig. 4.8 that 326 keV does not appear in the spectrum gated by the 124 keV transition
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Figure 4.10: Coincidence spectra corresponding to the gates of (a) 353 keV, (b) 838 keV, (c)

205 keV transitions corresponding to the band B5 in 199Tl. ‘*’marked transitions are newly

placed in the level scheme.

while it is present in both 629 keV (fig 4.8(a)inset) and 363 keV gates. Presence of a strong

203 keV line in coincidence with 363 keV transition establishes the 326 keV γ ray as a crossover

E2 of the 124 and 203 keV cascade. The bands B3 and B4 are extended up to the excitation
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energy of 3272.4 keV and 2866.9 keV, respectively. Two different band B3 and B4 can clearly

be seen from the spectra Fig. 4.9. Fig. 4.9(a) clearly show the cascades of 116, 196 and 218 keV

M1 transition, which are newly established fom the present work. No transitions belonging to

band B3 are observed in the spectrum, which leads to the conclusion that both the sequences

are independent of each other. The gate on the M1 transition 203 keV reveals some more

facts about band B3. Fig. 4.9(b) shows the transitions which are in coincidence with 203 keV.

The absence of 439 and 326 keV transitions in the Fig. 4.9(b) further confirms the 439 keV

transition as the crossover E2 transition of 203 & 236 keV. The presence of 535, 712, 418 749

and 896 keV in the coincidence gate of 203 keV indicate that the band B3 and B2 has some

low energy interconnecting transition between them but from the current data such transition

could not be identified.

An independent level has been identified at 1394.1 keV excitation which is connected to the

748.9 keV level by a 645 keV transition. This level has been reported earlier in Ref. [29] but

the spin parity was not known properly. The RDCO value of 645 keV transition could not be

found due to the lack of suitable gating transition but the ∆IPDCO value suggests it as magnetic

transition. The angular distribution suggests this transition as a dipole one. Thus the Jπ of

the level is now assigned as 11/2−.

The positive parity levels below the long-lived 9/2− isomer were mostly known from the previous

work of Ref. [29, 31]. The ground state of 199Tl was assigned as 1/2+ from the earlier study

[29] originated from πs1/2 orbital. A band like structure with sequences of M1 and crossover E2

transitions was reported in the earlier work [31]. This sequence of levels are shown as band B5

in level scheme (Fig. 4.5) obtained in the present work [30]. Two cascades of E2 transitions are

seen but some of the interconnecting M1 transitions are not observed. The 367 and 353 keV

transitions are confirmed to be (M1/E2) transitions as stated from the earlier work. A 382 keV

transition decays from the 748.9 keV 28.4ms isomeric level to the 366.9 keV level. ∆IPDCO

value -0.03(10) of the 367 keV transition has fixed the spin of the 366.9 keV level as 3/2+ and

thus the nature of 382 keV γ ray comes out to be as E3 [29]. Fig. 4.10(a),(b) and (c) show the γ

rays in coincidence with the 353 keV, 838 keV and 205 keV transitions respectively and belongs

to the sequences marked with B5 , B6 and B7 in Fig. 4.5. From Fig. 4.10(a) it can be seen that
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almost all the transitions which belong to B5, B6 and B7 are present but not the 720, 838, 724,

411, 951, 903 keV γ rays, which are placed either parallel or to a different branch in the level

scheme. The DCO ratio and ∆IPDCO of the 838 keV γ ray are 1.06(3)(in the quadrupole gate)

and 0.03(3) respectively which fixes the spin of the 1205.4 keV level as 7/2+ and the 838 keV

γ ray as E2. The presence of the 724 keV and 951 keV in coincidence with the 838 keV γ ray

and the absence of the 690, 720 and 353 keV transitions in the spectrum gated on the 838 keV

[Fig: 4.10(b)] establish the presence of two parallel cascades of E2 transitions. The presence

of 841 keV transition in coincidence with 838 keV gated spectrum indicates the existence of a

205 keV transition which is connecting the two sequences of E2 to each other. The existence of

205 keV and 321 keV in the gate of 838 keV [Fig: 4.10(b)] also supports this fact. The positive

∆IPDCO value 0.15(10) indicates the 724 keV as an electric transition and the RDCO=1.06(3)

value in the 838 keV (E2) gate confirms it as an E2 transition. Hence, the 724 keV (E2) gate

was used to obtain the DCO ratio of some of the unknown transitions.

The nature of all the other transitions (240, 501, 903, 951 keV) beyond the 1929.4 keV level

could not be determined because of low statistics and thus spin-parities of all the levels above

1929.4 keV are tentatively assigned. In the 720 keV gate only the 690, 841 and 206 keV are

present from the sequence B5. DCO ratio values of 690 keV and 841 keV are 1.03(5) and

1.18(19) respectively in the quadrupole (E2) gate of 720 keV which also leads to assign them as

E2 character and the Jπ of the 2250.9 keV level is thus fixed at 13/2+. The presence(absence)

of the 206 keV(411 keV) transition in the coincidence gate on 205 keV (Fig. 4.10(c)) assigns the

205-206 keV cascade across the 411 keV transition. According to the level scheme, the 690 keV

transition should not come in coincidence with the 205 keV transition. On the other hand the

205 keV γ ray should be in coincidence with the 838 and 841 keV transitions. But along with

the 838, 841 keV transitions, the 690 keV line also appeared in the coincidence gate on 205 keV

in Fig. 4.10(c) due to the contamination of the gate on 205 keV with the 206 keV transition.

The DCO ratio value of the 206 keV transition has been found out to be 0.99(11) with respect

to the 353 keV (M1+E2) gate and thus its multipolarity is concluded as dipole. The ∆IPDCO

and RDCO values of the 411 keV transition also suggest it as M1+E2 nature and thus the Jπ of

the 1616.2 keV level is assigned as 9/2+, thereby fixing the nature of the 206 keV transition as
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a non stretched M1 transition. The presence of the 321 keV line in both the 838 and 724 keV

gates and the presence of the 205 keV line in both the 838 and 841 keV gates, establishes a

series of decaying M1 transitions from 13/2+ to 11/2+ (321 keV), 9/2+ to 7/2+ (205 keV) and

5/2+ to 3/2+ (353 keV) levels between the two branches of E2 sequences in B5.

A set of new levels are observed above the 720.2 keV level and the the two sequences of gamma

rays are named as B6 and B7 in the level scheme Fig. 4.5(c). All of these γ rays, decay from the

sequences B6 and B7 and the connecting transitions to B5 are seen in Fig. 4.10(a),(b) and (c).

The 1493.9 keV level (of sequence B7) decays to B5 by the 288 (M1) and 774 (E2) transitions.

The nature of the 288 and 774 keV transitions are inferred from the RDCO and ∆IPDCO values

shown in Table 4.1 thus the Jπ of the 1493.9 keV level is established as 9/2+. Multipolarities of

almost all the transitions belonging to B6 and B7 are found out from the quadrupole gate on

720 keV or the dipole gate on 353 keV, wherever possible. Few transitions are observed to be

in coincidence with 774 and 288 keV and placed above the 1493.9-keV level. Multipolarity of

675 keV transition is concluded as dipole by its RDCO value of 0.52(11) in 720 keV quadrupole

gate. Similarly, with the DCO ratio and polarization asymmetry values, the 521 keV transition

is found to be of M2 character and 417 keV is tentatively assigned as M1. The spin of 1682.9

keV level is fixed as 9/2 from the multipolarity of the 963 keV transition obtained from its

DCO ratio of 1.04(7) from the E2 gate on 720 keV. Automatically the multipolarity of the

478 keV transition, decaying from the 1682.9 keV to 1205.4 keV level is fixed as a dipole. The

Jπ of the level at 1810.2 keV is assigned as 11/2+ from the M1+E2 nature of the 400 keV

transition determined from its ∆IPDCO value of -0.16(4) and the RDCO value of 1.06(7) in the

353 keV (M1+E2) gate. Another transition of 762 keV which can be seen in the 353 keV gate

(Fig. 4.10(a)) is placed in B6 as an independent single transition decaying from the 1481.9 keV

level.
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4.4 Discussion

The level scheme of 199Tl from the present work has been divided into a few band structures.

The analog of Band B1, based on the intruder πh9/2 configuration on top of the 9/2− isomer has

been observed in all the odd-A Tl isotopes. In this work, this band has been extended beyond

band crossing. At higher spins above 13/2−, this band has been observed to bifurcate into two

structures. The states in band B2 with possibly 3-qp(quasi particle) nature are yrast while

the band B1 continues through the non-yrast states. The initial few low lying states in the

band-like structure B5 were already known, and the analogs are also known in the neighboring

Tl isotopes, 195,197Tl. These states correspond to the single particle orbitals πs1/2 and πd3/2,

available near proton Fermi level below the Z = 82 shell closure. In the present work, these

states have been extended through the observation of a sequence of positive parity non-yrast

states connected through E2 transitions in the band B5 up to an excitation energy of 2.88

MeV. However, the spacing between the states in this band-like sequences does not seem to

correspond to a rotational band of a well deformed nucleus. A few more discrete states have

also been observed in the present work and are classified as B6 and B7 sequences in Fig.4.5

which decay to the sequence B5.

The E (level energy) vs. I (level spin) of the different bands(B1, B2, B3 and B5) of 199Tl are

plotted in Fig.4.11. The E vs. I plots for different bands in 199Tl are fitted using the rotor

equation

E(I) = (~2/2Θ) ∗ I ∗ (I + 1) + E0,

where Θ is the moment of inertia and E0 is a parameter corresponding to the initial energy

of the band. One of the simple ways to determine whether a band is of deformed rotational

character is from the E vs. I plot, which corresponds to a parabola in the case of a rotational

band. The different slopes of the parabola would correspond to different moments of inertia and

hence to different origins of the different structure. It may be noted that the variable moment

of inertia (VMI) model as proposed by Mariscotti et al. in case of even-even nuclei [43], was

not incorporated in these fittings. Though the above equation does not give a satisfactory good

fit to a rotor, but it only provides a qualitative description of the band structures and suggest
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Figure 4.11: Energy vs Spin plot for πh9/2 configuration for 199Tl as well as for other positive

and negative parity bands. The solid lines are the fits using the rotational model formula (see

text for details).

that the cranking formalism may be applied to describe the band structures in 199Tl. It is also

worth while to point out that the ratio of the energies of the 4+ and the 2+ states, E4+/E2+ ,

of the neighboring even-even Hg core are well within the rotational limit prescribed in Ref.[43].

Therefore, in the following we have applied the cranking model to describe the bands B1,B2

and B3 in 199Tl.

The aligned angular momentum (ix) as a function of rotational frequency (~ω) plot for the

πh9/2 bands of different odd-A Tl nuclei is shown in Fig.4.12. The aligned angular momenta

(ix) of other observed band structures in 199Tl are compared in Fig.4.13 with the similar bands

of the neighboring odd-A Tl isotope 201Tl and of the even-even 198Hg core. The band B1, with

a 9/2− band head, has a h9/2 configuration as has been described in an earlier work [29] which

continues up to about 9.5 ~ of spin. The band B1, along with the corresponding bands in all

the odd mass Thallium nuclei show a back-bending around 0.34~ frequency. The ix plot for

this band shows a gain in alignment of more than 9 ~ which can only be achieved by breaking
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Figure 4.12: Alignment plot for the πh9/2 bands in odd-mass Tl isotopes. The level energies of

the same bands of 193−197Tl are taken from ref. [20, 21, 17] respectively. The Harris reference

parameters are taken as J0 = 8~2MeV −1and J1 = 40~4MeV −3.

a nucleon pair in high-j orbital. Thus the the band crossing is predicted as the alignment of

a pair of neutrons in the νi13/2 orbital. Hence the upper part of this band corresponds to a

configuration with 3-qp, πh9/2 ⊗ νi213/2. The upper part of this band B1 in Fig.4.11 fits to

a different parabola with larger moment of inertia, which also indicates towards a change in

configuration after 8.5 ~.

The band B2 is yrast beyond 7.5 ~, and has a larger moment of inertia than the lower, i.e 1-qp,

part of band B1. The alignment (ix) of band B2 is represented in Fig. 4.13 which shows the

gain in alignment for this band (∼ 4~) is smaller than the 3-qp part of band B1 (see Fig.4.12).

Therefore, the neutron alignments take place in the (f5/2, p3/2) orbital with small j which leads

to the smaller gain in alignment after pair breaking. Hence the configuration of band B2 is

πh9/2 ⊗ ν(j−)
2 where j− = f5/2, p3/2.
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Figure 4.13: Alignment plot for the positive and negative parity bands of 199,201Tl isotopes and

comparison with the alignment of negative parity band of 198Hg core. The level energies of the

bands of 201Tl and 198Hg are taken from Ref. [25, 35]. The Harris reference parameters are

taken as J0 = 8~2MeV −1and J1 = 40~4MeV −3.

The alignment plots for the other neighboring odd-A Tl isotopes are also shown in Fig. 4.12

and Fig. 4.13. The initial alignment pattern for band B1 in 199Tl matches well with the other

lighter Tl isotopes but the alignment for band B2 in 199Tl is similar to that in 201Tl. The gain

in alignments for band B2 in 199Tl are also very similar to that of the yrast band of 201Tl . The

3-qp bands with configuration of πh9/2 ⊗ ν(j−)
2 are yrast in case of 199,201Tl whereas the 3-qp

bands with configuration of πh9/2 ⊗ νi213/2 is yrast in case of lighter Tl isotopes. This change

is, apparently, due to the change of neutron Fermi level and indicates that the neutron Fermi

level lies close to the negative parity orbitals (f5/2, p3/2) for N ≥ 118.

The positive parity band in 199Tl (marked as band B3 in the level scheme) also shows a rotational

structure as is evident from the fits in Fig. 4.11. However, the excitation energy, larger moment
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of inertia obtained for the fitting of the E vs. I plot and the initial aligned angular momentum

of about 6 ~ (Fig. 4.13) indicates the 3-qp nature of this band. The alignment plot for the 5−

band in the neighboring even-even core of 198Hg is shown in Fig. 4.13 to comapre with the bands

in 199Tl, which has only one proton extra than that of 198Hg. The underlying configuration of

the 5− band in 198Hg is interpreted as ν(i13/2⊗ j−) [35]. The similarity of the initial alignments

of these two suggests a similar neutron configuration for the band B3 in 199Tl as for the 5− band

in 198Hg. Hence a 3-qp configuration of πh9/2 ⊗ ν(i13/2 ⊗ j−) is assigned for this band. This j−

stands for the available neutron orbital f5/2, p3/2 near Fermi level. A strong transition (629 keV)

from the band head of this band(B3) to the h9/2 band(B1) supports this configuration. It may

be noted, however, that the contribution of the h9/2 proton to the observed aligned angular

momentum ix is very small indicating the involvement of high-Ω component of the h9/2 proton

orbital, which is expected for an oblate deformation in 199Tl. This band, however, could not

be extended much for further discussion.

The single level at the energy of 1394.1 keV can be identified as the state which is coming from

the odd proton in 199Tl occupying the h11/2 orbital. All the odd-Tl isotopes from 195Tl to 205Tl

have a similar level, reported in Ref. [44, 45, 23, 46, 47]. In the case of odd-A Au isotopes

(Z = 79) from 191Au to 197Au [48, 49, 50, 51] the 11/2− state corresponding to this πh11/2

configuration is appeared as a spin-gap isomer because this state can decay to the available

1/2+, 3/2+ and 5/2+ (corresponding to the s1/2, d3/2 and d5/2 configurations) states below this

level only by the transitions with large multipolarities. However, as the proton Fermi level in Tl

isotopes is higher in energy than in Au isotopes, the 11/2− state lies at a relatively higher energy

and the intruder πh9/2 state with oblate deformation comes down in energy and lies below the

11/2− state in Tl isotopes. Thus the availability of πh9/2 state below the πh11/2 creating a

prompt decay path of the 11/2− state to the 9/2− state via low multipolarity transition as in

the case of 199Tl. Therefore, the presence of the intruder πh9/2 orbital, prevents the 11/2
− state

in Tl isotopes from being an isomer.

The excitation energy vs spin plot for the two E2 sequences marked as B5 in the level scheme

of Fig.4.5 is also shown in Fig.4.11. It can be seen that the data points can be fitted with

two parabolic curves, one at lower excitation and another at higher excitation. However, the
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moment of inertia obtained from this fit (∼ 6.4~2MeV −1) indicates a low deformation for this

configuration. To further understand the characteristics of the band-like structure, marked as

B5 in the level scheme of Fig. 4.5, the aligned angular momentum (ix) of Band B5 is also plotted

in Fig. 4.13 with the same Harris reference parameters (J0 = 8~2MeV −1, J1 = 40~4MeV −3) as

the ones considered for the rotational bands B1, B2 and B3 of 199Tl. It is clear from this plot

that the same sets of Harris parameters does not hold for the structure B5 (ix becomes -Ve) and

a reduced J0 and J1 (J0 ∼ 2.8~2MeV −1, J1 ∼ 27~4MeV −3) would be required to fit the initial

alignment of this sequence. This also indicates that B5 has much less deformation compared to

other bands in 199Tl and the rotational model description may not hold well for the band-like

structure B5. Moreover, as mentioned earlier, the lower lying states which are also observed

in lighter odd-mass Thallium isotopes were interpreted as the single particle states in previous

works of Ref. [29, 26] involving πs1/2 and πd3/2 orbitals.
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Figure 4.14: Staggering (S(I) = [E(I) - E(I-1)]/2I) plot for the πh9/2 bands in odd-A Tl isotopes.

Data for 193−201Tl are taken from Ref [20, 29, 21, 17, 25] respectively.
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The energy staggering, defined by, S(I) = [E(I) − E(I − 1)]/2I, where, E(I) is the energy of

the state with spin I, is plotted as a function of spin (I) for the band B1 in Fig. 4.14, along

with the same bands in neighbouring odd-odd 193−201Tl. It can be seen from this figure that

the staggering (S(I)) plots of all odd-mass Tl isotopes show remarkable similarities, except for

201Tl at higher spin. The staggering in 201Tl, however, matches quite well with that of the band

B2 in 199Tl, suggesting similar structure for these two bands. This supports our suggestion of

the transitional nature of N = 118 in Tl isotopes in deciding the 3-qp yrast configuration.
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Figure 4.15: χ2(δ) analysis of angular distribution coefficient (a2) and polarization (P) of

535 keV transition.

From a recent study, Ref [32], Li et. al. also observed a level at 1985.2 keV and the spin-

parity of the level was tentatively assigned as 13/2+. They have also observed a sets of gamma

transitions on the top of these level as also reported in the present work [30], which marked in

the Fig. 4.5 as band B2. But from the present work, the spin-parity of the band head of band B3

is assigned as 17/2−. This needs an extra attention because the configuration of the band is very

much dependent on the assignment of the spin-parity to 1985.2 keV level. The band head of B2

can be assigned by determining the multipolarity and nature of the 535 keV transition, which
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is decaying from that level and connected to the band B1 at 1450.5 keV level with 13/2− spin.

The DCO ratio value 1.19(2) in the quadrupole gate of 702 keV and ∆IPDCO value of 0.08(5)

also indicates 535 keV as a quadrupole Electric transition. For further confirmation, angular

distribution of the connecting transition (535 keV) has been carried out and the distribution

pattern also shows it as a quadrupole. To conclude, the Polarization value and the angular

coefficient value for different possible spin sequences for the 535 keV transitions with higher

multipole mixing (δ) has been calculated and compared with the experimental value. A chi-

square minimization calculation considering the angular coefficient a2 and the polarization

value P for all the possible cases of 535 keV has been carried out and shown in Fig. 4.15 as

function of arctan(δ) (mixing). The plot clearly show that the chi square is minimum for the

spin sequence 17/2− state to the 13/2− state with δ=0 mixing. whereas the assignment for the

535 keV transition to decay from 13/2+ state to the 13/2− in the Ref [32] by Li et. al. does

not show any minima with reasonable δ mixing. Therefore the assignment of 535 keV as E2

transition, leading to the spin-parity of the band head of band B2 as 17/2− seems convincingly

right.

4.5 TRS calculations

In order to have structural information on the different bands in 199Tl, the Total Routhian

Surface (TRS) calculations were performed by the Strutinsky shell correction method using

deformed Woods-Saxon potential [37, 38]. The universal parameter set was used for these

calculations [41]. The total Routhian energies were calculated in (β2, γ, β4) deformation mesh

points with minimization on β4. The procedure for such calculations has been outlined in Ref.

[43]. The Routhian surfaces are plotted in the conventional β2 − γ plane. The calculations are

performed for the 1-qp negative parity configuration corresponding to the πh9/2 band (B1), for

the 1-qp positive parity configuration corresponding to the πs1/2 band, and for the 3-qp positive

parity configuration corresponding to the πh9/2 ⊗ νi13/2(f5/2p3/2) band.
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Figure 4.16: (Color online) Calculated total Routhian surface (TRS) plots for the (a) 1-qp

negative parity,(b) 1-qp positive parity and (c) 3-qp positive parity bands in 199Tl. These are

calculated at rotational frequency ~ω = 0.11 MeV and the contours are 350 keV apart.

The TRS plots for these three probable configurations close to the band heads are shown

in Fig.4.16. These plots are shown at the rotational frequency of ~ω = 0.11 MeV. In these

calculations, the nuclear spin (I) is projected out and at near band-head frequencies, which

corresponds to the single particle contribution. The surfaces corresponding to the 1-qp negative

parity configuration clearly show a minimum at an oblate deformation with β2 ∼ 0.13 and
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Figure 4.17: (Color online) The calculated TRS energy (ETRS) as a function of the triaxial

parameter γ for the (a) 1-qp particle negative parity band and (b) 3-qp positive parity band in

199Tl for different rotational frequencies ~ω.

γ ∼ −60◦ in Fig. 4.16(a). The calculated projected spin for this configuration comes out to be

I = 4.5 ~, indicating an almost pure πh9/2 configuration. A second minimum at a non-collective

oblate deformation (γ ∼ +60◦) also observed from the plot for this configuration. For the case of

the 1-qp positive parity band for which I = 0.5 is calculated, the minimum appears close to the

spherical shape (Fig.4.16(b)), which is expected for the πs1/2 configuration for the ground state

and in close conformity with the experimental moments of inertia that suggest a near-spherical

shape from the observed E vs. I plot. This agrees with the observed band structure of band

B5, which does not seem to be a well deformed one. Two minima, one at a collective oblate
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deformation with β2, γ ∼ 0.14,−60◦ and ∼ 0.15,+40◦ are obtained for the 3-qp configuration

(Fig.4.16(c)). The difference between the two minima is less than 250 keV. At slightly higher

frequencies the triaxial minimum becomes lower in energy. For this configuration, I = 6.5 is

obtained for the band head which is close to the observed band head of B3 (in Fig. 4.5).

The variations of the calculated TRS energies, ETRS , for different rotational frequencies, as a

function of the triaxial deformation parameter γ are shown in Fig.4.17 for the 1-qp negative

parity and the 3-qp positive parity configurations involving the πh9/2 orbital. In these plots, the

value of deformation parameter β2 was kept around the values corresponding to the minimum in

the two-dimensional TRS plots. It can be seen that the shape (corresponding to the minimum

in the ETRS) for the 1-qp configuration (Fig.4.17(a)) changes from axially deformed oblate (γ ∼
−60◦) at lower rotational frequencies to slightly triaxial with γ ∼ −75◦ at higher frequencies.

On the other hand, for the 3-qp positive parity band (Fig.4.17(b)) two close lying minima are

clearly seen at lower frequencies with some softness against γ near γ ∼ −60◦. At ~ω ∼ 0.1MeV ,

ETRS is minimum for a near-triaxial shape with γ ∼ +40◦. At a slightly higher frequency

of ~ω ∼ 0.16 MeV, the minimum shifts to an axial oblate shape γ ∼ −57◦. At an even

higher frequency, the minimum again shifts to around γ ∼ −75◦. The band structure, B3

corresponding to this configuration has been observed only up to a few states and these states

seem to be due to the oblate deformation. It would be interesting to extend this band and

measure the B(E2) values up to higher frequencies to study the above prediction of shape

change in this band.

4.6 Summary

Yrast near yrast structure in 199Tl have been populated by using the fusion evaporation reaction

197Au(α,2n) at the beam energy of 30 MeV at K-130 Cyclotron, Kolkata and studied by γ

ray spectroscopic techniques using the VENUS setup of 6 Compton suppressed Clover HPGe

detectors. The level scheme of 199Tl has been extended considerably through the observation

and placement of 53 new transitions up to the excitation energy of ∼ 3.4 MeV and spin of 12.5~.
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The spin and parity assignments to different observed bands as well as single levels were done

by DCO, IPDCO and angular distribution measurements. A new negative parity state with

spin-parity 11/2− has been identified and predicted to come from the involvement of the πh11/2

orbital. It will be interesting to investigate the band structure, build on this state as seen in

all nearby Au nuclei. A few band structures involving the intruder πh9/2 have been observed in

this odd-mass nucleus. The band structures are compared with those of the other neighbouring

odd-A Tl isotopes. It has been observed that the remarkable similarity of the low-lying states

in the πh9/2 band in odd-A Tl nuclei continues to persist in the N = 118 isotope. However, the

3-qp configuration for the yrast states after band crossing, changes at N = 118 for 199Tl which

continues to the next odd-mass 201Tl isotope.

The shape of 199Tl for different configurations and its variation with rotational frequency are

discussed in the light of the cranking model calculations with Woods-Saxon potential. Oblate

deformation is obtained for the 1-qp negative parity πh9/2 band, whereas the low-lying 1-qp

positive parity band, corresponding to the πs1/2 configuration appears to be near spherical,

in good agreement with the experimental observation. An interesting shape evolution from a

coexisting and γ-soft shape to a triaxial shape at higher frequency, through an axially deformed

oblate shape, is predicted in our calculations for the 3-qp positive parity band. However, this

cannot be confirmed from the present data for the population of 199Tl with limited spin obtained

through α-induced reaction. Experiment with heavier beams and measurements of lifetimes to

obtain B(E2) values and deformation are warranted in future to understand the higher spin

states and thereby the contribution of different high-j proton and neutron orbitals.
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Chapter 5

New information on the excited

structure of odd-N 199Hg

5.1 Introduction

Nuclei close to 208Pb in mass 200 region show variety of band structures generating from the

coupling of odd valance particles with the core. The near spherical shapes of the nuclei near

doubly magic shell closure is influenced by the presence of high-j orbital near the Fermi levels.

The ground and the low lying excited states of nuclei (Hg; Z = 80 and Tl; Z = 81) near Z = 82

shell closure are dominated by the pure single particle excitation near the Fermi level, whereas

the available high-j intruder orbitals both for proton and neutron bring collectivity into the

system and various exotic structural phenomena, like, magnetic rotational band in 194T l [9]

and chiral band in 194,195,198Tl [13, 14, 15] have been reported. Thallium isotopes near A∼200,

which have just one proton less with respect to Z = 82 magic shell closure, also exhibit strongly

coupled band structure, based on high-j proton as well as high-j neutron orbital [10, 30, 12, 25]

with oblate deformation. Neighbouring Pt (Z = 78) isotopes have been found to have triaxial

shapes at low spin [5, 6]. It is interesting to investigate the interplay of the collective core
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with the available single particle orbitals, in particular, the involvement of high-j orbitals that

generates the above exotic phenomena below the Z = 82 shell closure region [7, 1, 2].

Being adjacent to the triaxial Pt nuclei and oblate Thallium nuclei, the Hg isotopes near 190-200

mass are also expected to have deformed structure built on high-j orbitals and oblate deformed

rotational bands have been reported in all the Hg isotopes in this mass region [14, 15, 16]. The

ground state band structures in the even mass Hg nuclei 190−200Hg are identified as a rotation-

aligned decoupled band [16, 17, 18, 19, 35, 21]. The level crunching beyond I>6 spin states

in even mass Hg nuclei are described to be generated from the interaction of the ground state

band with the rotation aligned πh−2
11/2 states in 190−196Hg isotopes [16, 17] and νi−2

13/2 states in

198−200Hg nuclei [35, 21].

For odd mass Hg nuclei, a single neutron outside the oblate core mainly responsible for the

observed structures. The low lying states are purely from the occupation of the odd neutron to

the p3/2, f5/2, and i13/2 orbital. With a little excitation energy, all of the Hg nuclei are observed

to have decoupled band structure based on νi13/2 orbital. The band structures in the odd Hg

nuclei strongly support the applicability of the Coriolis-decoupling scheme to these nuclei, in

which an odd particle in a high-j orbital with a small projection Ω on the symmetry axis of the

nucleus is decoupled from the nuclear symmetry axis and aligned along the nuclear rotation

axis due to the Coriolis force acting on it. For odd mass Hg in this mass region, with oblate

deformation, the odd neutron has access to the Ω = 1/2 projection of i13/2 orbital, which,

as a result of Coriolis force, decoupled from the oblate even-even Hg core and positive parity

decoupled band structure based on 13/2+ state has been observed in all the odd mass 191−199Hg

isotopes [17, 15, 18, 22]. In this coupling scheme only the spin states with I = j, j + 2, j + 4,

... are observed and for the states with spin I = j + 1, j + 3, j + 5, . . ., the odd particle is not

fully aligned, and one expects these states at comparatively higher excitation energies.

Along with the observation of decoupled band near ground state, at higher spin, negative

parity structure based on 5− and 21/2− band head is also observed in even and odd mass Hg

nuclei, respectively and have been described as semi-decoupled band [23]. It was first suggested

by Yates et al. [24] that this two-quasi-particle (qp) decoupled bands in even-Hg nuclei have
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an intrinsic structure, of a completely decoupled high-j i13/2 neutron and a low-j neutron of

opposite parity in the adjacent p1/2, p3/2, f5/2 orbitals. The states based on 21/2− band head for

odd Hg isotopes are similar to that of the even Hg isotopes and can be explained as generated

due to a decoupled i13/2 neutron coupled to the 5−, 7−, 9−, .. states of adjacent even-even

Hg nuclei. With enough excitation energy and angular momentum the appearance of super

deformed band in 193Hg has also been reported [25].

The data beyond N = 120 for Hg nuclei are scarce. In contrast to the neutron deficient Hg nuclei

in 190-200 mass region, Hg nuclei beyond mass A>200 with the neutron number approaching

the N = 126 shell closure, are expected to exhibit mainly single particle behaviour [26] corre-

sponding to a spherical nucleus. Therefore, the Hg nuclei around mass 200 region are of great

interest as it is situated just in the transition region of deformed to the spherical shape. The

low spin states of 199Hg is known from the decay study of 199T l [27] which were explained with

a quasiparticle-phonon coupling model. The high spin states of 199Hg have been studied by

Mertin et. al. [28] in which the yrast i13/2 band was known only up to 25/2+ spin whereas, in all

the other adjacent odd and even mass Hg isotopes, below N = 119, these bands are known at

least up to 41/2+ spin. In all odd-A Hg isotopes from N = 107 (187Hg) till N = 117 (197Hg), a

band crossing has been observed at a spin∼13.5~. The study by Mertin et. al. on 197−199Hg[28],

did not observe any states beyond 31/2− and 29/2− spin for 197Hg and 199Hg, respectively so

the band crossing information is not complete. Experimental studies, therefore, need attention

to probe the yrast and near yrast states to understand the effect of the high-j orbitals in the

band structures as a function of increasing neutron number around A∼200. The recent work

on the high spin states of 197−199Hg, populated with multi-nucleon transfer reaction [29] has

extended the negative parity semi decoupled band for 199Hg, but they also could not identify

any transitions beyond 2106 keV level to extend the yrast positive parity band.

The α induced fusion evaporation reaction has been used in the present work to populate yrast

as well as near yrast states in 199Hg in search of low spin exotic structures. Such kind of a

structure has already been reported in nearby Thallium nuclei and also expected to appear as

a non-yrast states in Hg nuclei. With the help of the new generation HPGe Clover detectors, it

has become possible to obtain more complete information about the detailed band structures as
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well as unambiguous assignment of spin and parity to the states of 199Hg. Many new transitions

and states belongs to 199Hg have been observed in the present thesis work. Determination of

the parities of the states, which were tentatively assigned from the last work by Negi et. al.,

has become possible from the present work. Interesting results appeared as a near yrast band

structure in 199Hg is reported in this chapter.

5.2 Experiment and Data Analysis

The study of the yrast and the near yrast states of 199Hg has been performed using fusion evap-

oration reaction 198Pt(α,3n)199Hg, with a beam energy of 36 MeV from the K-130 cyclotron at

VECC, Kolkata using two different set up, VECC array for NUclear Spectroscopy (VENUS)

and Indian National Gamma Array (INGA). The 199Hg nucleus has been produced with al-

most negligible contamination of the neighbouring isotopes with a self supporting 7.2 mg/cm2

enriched 198Pt target.

The six Compton Suppressed Clover HPGe detectors are used to find the coincidence relations.

The angular orientation of the detectors of VENUS were used for the DCO ratio, angular

distribution as well as polarization measurements, and the details of which can be found in

the Ref. [30]. Standard NIM electronics and VME based data acquisition system were used

to acquire data in both singles and coincidence trigger condition using LAMPS [31]. The

time between the individual OR of all the crystals of a Clover detector and the Master trigger

were measured using Six Time-to-Amplitude-Converters (TACs). Another TAC was used for

measuring the time information of the events with respect to the Cyclotron RF signal.

For the parity information of the weekly populated non-yrast levels of 199Hg, INGA set up

at VECC [32] has been used with more(4) numbers of Clover detectors at 90◦ angle which

were used to deduce the polarization asymmetry ratio. Total 7 Clover HPGe detectors were

present at the time of experiment in the INGA-VECC set up. The raw pre-amplifier pulses were

processed with digital data acquisition system [33]. The Compton suppressed time stamped
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list mode data from the Clover detectors were recorded under the trigger condition based on

multiplicity (Mγ), set either in singles (Mγ ≥ 1) or in double coincidence (Mγ ≥ 2) mode.

The Standard radioactive sources 133Ba and 152Eu, placed at the target position, were used

for the efficiency and energy calibrations of each detector in both the experiments. All the

experimental details of these two set up are discussed in chapter 3.

The data of the experiment using VENUS has been sorted with LAMPS [31] sorting and

data analysis software. For the digital data from the INGA-VECC campaign, the data were

sorted with the IUCPIX sorting package developed by UGC DAE-CSR (Kolkata) [33]. For

both the data a symmetric Eγ −Eγ matrix was generated to verify the coincidence relations of

the transitions and analysed with Radware [19] software packages. For the VENUS experiment

the Eγ − Eγ matrix has been gain matched to 0.3 keV/ch after selecting the prompt part of

the TAC spectrum of each clover as well as the prompt part of the RF-γ TAC to select the

prompt γ-γ coincidence events. The data from the INGA-VECC set up using Digital Signal

Processing (DSP) system is gain matched to 0.5 keV/ch for generating the Eγ − Eγ matrix.

An asymmetric DCO matrix was also formed using the data from the two detectors in the

backward (30◦ for VENUS and 55◦ for INGA-VECC) angle and the detectors at 90◦ angle to

find out the Directional Correlation from Oriented states-DCO ratio (defined in Chapter 3.)

as per the prescription in Ref. [22] for various transitions. As per the definition set in the

Chapter 3., the typical value of the RDCO for a quadrupole or dipole transition comes out to

be 1.0 when gated by a transition of same multipolarity. But when a gate is put on a known

quadrupole (dipole) transition, then the DCO ratio value comes out to be close to 0.5(2.0) for

dipole (quadrupole) transition. This value of the RDCO is only true when both the γ transitions

are stretched and mixing ratio (δ) of the higher multipole order is small. The multipolarity of

most of the transitions are found by obtaining their DCO ratio value from the VENUS data

and tabulated in Table: 5.1.

The 90◦ detectors are used for the measurements of Integrated Polarization from Directional

Correlation of Oriented states (IPDCO) [23, 24] for assigning the parities of the states. The

measurement procedure of the IPDCO ratio (∆IPDCO) along with the determination of the
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Figure 5.1: (color online) Asymmetry factor from various transitions of standard in 152Eu kept

at the target position and Linear fit of that with respect to energy.

Polarization asymmetry parameter a(Eγ) are described in chapter 3. The asymmetry parameter

a(Eγ) for the VENUS set up is calculated and described in the chapter 4 in details. As the

experimental conditions for the VENUS set up was identical for both the experiments which

populates the excited states of 199Tl and 199Hg nuclei, the same asymmetry factor has been

used to calculate the IPDCO ratio from the VENUS data.

For the limited numbers of detectors at 90◦ angle, the Polarization information from the VENUS

data were not sufficient to know the nature of the transitions which connects the non-yrast side

bands to the yrast main band. For that purpose another experiment with INGA-VECC setup

had been performed with more number of detectors at 90◦ angle. To calculate the ∆IPDCO ratio

we have estimated the correction factor, a(Eγ) [=
N‖

N⊥
] for the INGA-VECC set up. The values

of a(Eγ) factor has been calculated for the different energies from a standard 152Eu source and

fitted as a function of γ ray energies which is shown in Fig. 5.1. The asymmetry factor is fitted
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Figure 5.2: Total spectrum of γ transtions detected in singles trigger condition in the reaction

198Pt(α,3n). (a) The lower energy part (upto 550 keV) and (b) the higher energy part (550-

1200 keV) of the spectrum. The new transitions observed in the present work are marked with

‘*’. The other transitions, marked with ‘#’ are the contamination from the excited states of

other nuclei

with a linear equation [a(Eγ)=a0+a1Eγ ] and the fitted values of a0 and a1 has been used to

determine the ∆IPDCO as prescribed in Chapter 3. For the transitions in 199Hg, ∆IPDCO values

are given in Table 5.1.

The DCO ratios and the ∆IPDCO values for different transitions were used to determine the

natures (E/M) and multipolarities of the transitions in order to assign the spins and parities

(Jπ) of the states.

The total projection of the data, obtained with the VENUS set up for the present experiment is

shown in Fig. 5.2. The figure is divided into two panels: the upper panel in Fig. 5.2(a) showing
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the transitions below 550 keV and the lower panel in Fig. 5.2(b) is for the transitions beyond

550 keV up to 1200 keV. The star ‘*’ marked transitions are the new transitions as identified

in the present work. It may be noted that most of the transitions are from the 199Hg nucleus

whereas few of them (marked with ‘#’) are from the neighbouring (198,200Hg) nuclei which were

also produced in the same reaction and from the background radiation contamination.

The coincidence relationships within various transitions in 199Hg are obtained from VENUS as

well as INGA-VECC data. Whereas the Spins and the Parities of the states are confirmed from

their DCO ratio and ∆IPDCO values from VENUS and INGA-VECC data respectively. The

spins and the energies of the initial states along with the corresponding RDCO and ∆IPDCO

values of all the transitions belonging to 199Hg are tabulated in Table 5.1.

5.3 Results

The information on the excited states of 199Hg was limited by the data obtained with (α, n)

reaction [15, 28] until the recent work done with heavy ion transfer reaction by Negi. et. al [29],

which populates the excited states of 199Hg up to 8.5 MeV. The latest work have reported the

positive parity band based on the νi13/2 orbital only up to 25/2+ spin, whereas the negative

parity semi-decoupled band has been extended up to tentative 39/2− spin. The spectroscopic

information of 199Hg has been extended significantly in the present work by placing 31 new

transitions in the level scheme. The bands, observed in the present work, are marked with B1,

B2, B3, B4, B5, B6, B7 and B8 in the level scheme Fig. 5.3 for the convenience of describing

them. All the newly observed transitions from the present work are marked with a star ‘*’

mark in Fig. 5.3. The level scheme is formed based on the coincidence relationships among

various transitions, their relative intensities, the multipolarities and natures (E/M). Most of

the DCO ratio values of the known as well as unknown transitions are found out in the gate

of previously known quadrupole (E2) transitions or in the sum gate of them. The newly

established quadrupole gate (such as 961 keV, E2 gate) are used to determine the RDCO values

of few of the transitions which could not be determined in known quadrupole gate.
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The νi13/2 band in 199Hg is based on a 42.8 min isomer [15] with a 13/2+ band head. This band

is extended up to 33/2+ spin with the placement of two new transitions 1002 and 1161 keV. The

presence of these two transitions can be verified from the total projection in Fig. 5.2 and also

from the coincidence gate of the 533 keV transition in Fig. 5.4(a). The coincidence spectrum

of newly observed 1002 keV transition in Fig 5.4(b) shows all the transitions which belong to

the band B1. The DCO ratio and ∆IPDCO values of these two transitions (1002 and 1161 keV)

are listed in Table 5.1 which confirm them as of E2 nature. It has been observed that the

intensities of both the transitions after 25/2+ spin reduced drastically. No other transitions,

belonging to the νi13/2 band (B1) are observed beyond 31/2+ spin.

A semi-decoupled positive parity band, as also observed in the neighbouring even and odd

mass Hg isotopes, are connected to the main band B1 with a set of intense transitions (380,

522, 974 and 1068 keV) and marked in the level scheme as B5 and B6. These bands become

yrast beyond 25/2+ spin. A representative spectrum of the coincidence gate of 278 keV E2

transition, belongs to B5 band has been shown in Figure 5.4(c). Almost all the transitions,

belonging to these two bands B5 and B6, can be seen in this figure except 136, 142, 204 and

438 keV transitions, which are placed parallel with 278 keV in the level scheme. The presence

of 302 keV transition in the coincidence of 278 keV transitions agrees with the placement of

the 302 keV decaying from 3067 keV level to 2764 keV level. The RDCO and ∆IPDCO values

of 302 keV confirm it as M1 transition. The band B5 and B6 have been seen to extend up to

spin 37/2− and 39/2(−) respectively. The parities of 3296, 4076 and 3702 keV levels have been

confirmed as negative which was tentatively assigned previously [29].

A band like structure, named as B8 in the level scheme 5.3 has been observed to form which

is connected to the band B5 and B6 via 1126 and 1164 keV respectively. The RDCO value 0.61

of 1164 keV in a quadrupole (291 keV) gate and the positive value of ∆IPDCO determined the

nature of 1164 keV transition as E2 and therefore assigned 29/2− spin to the 3650 keV level.

The ∆IPDCO value for the 1126 keV transition could not be confirmed from the current data

and therefore assumed to be of M1+E2 nature based on its DCO ratio value. Accordingly the

spin of the 3890 keV level is assigned as 31/2 and the parity of this level is tentatively assigned

as negative, as shown in Fig. 5.3. The 191 keV and 402 keV transitions are found to be of
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Figure 5.4: Coincidence spectra corresponding to gates of (a) 533 keV, (b) 1002 keV, (c) 278 keV

transitions. The first two gated transitions belong to the band B1 and the last one is from the

band B5 in 199Hg. ’*’ marked transitions are newly placed in the level scheme.

M1+E2 and E2 nature, respectively. This band is observed up to 4483 keV excitation energy

and 37/2 spin.
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A set of newly found discrete levels has been observed in various coincidence gates and marked

as B7 in Fig. 5.3. The spins and parities of almost all the levels have been found in suitable

gates through DCO ratio and ∆IPDCO values of the decaying transitions from them. Among

the new transitions, few of them: 454 keV, 908 keV γ rays can be observed in the coincidence

gate of 278 keV in Fig. 5.4(c). These levels mainly decay to the negative parity semi-decoupled

structure. All the transitions, belong to this sequence can be observed in the total projection

in Fig. 5.2.

Along with the yrast i13/2 band, few new non-yrast band structures have also been observed in

the present work, marked as band B2, B3 and B4 in Fig. 5.3.

The band marked as B2 is a sequence of three transitions 495, 714 and 961 keV. The presence

of these transitions can be verified from Fig. 5.2. The multipolarity of the 961 keV transition

has been determined as quadruole as the value of RDCO is obtained as 0.86 from the combined

quadrupole gate of 291, 533 and 750 keV. The ∆IPDCO values confirms 961 keV γ ray as of

Electric nature. Similarly the 714 keV transition is also found to be of E2 nature from the

DCO ratio value in quadrupole gate of 291 keV and the ∆IPDCO value. The DCO ratio values

of few transitions of this band have been found in the gate of 961 keV (E2) transitions. The

sequence of 495, 714, 961 keV E2 transitions are formed as a band structure (B2) and this

band has connecting transitions to the main yrast band (B1) from every level. The 741 keV

transition is not in coincidence with any of the transitions in the yrast band (B1) and thus

placed just above the isomeric level connecting 1273 keV level to 532 keV level. The lowest

spin of band B2 is found to be 15/2+ from the DCO ratio value 0.58(22) of 741 keV transition

in the 961 keV quadrupole gate and positive ∆IPDCO value. The band B2 is found to decay

to band B1 through 741, 450, 945, 1127 keV etc. transitions. Among them, the comparatively

intense connecting transition, 945 keV has been found to decay from the 1768 keV level. A

coincidence gate on 945 keV transition has been shown in Fig. 5.5(a). The presence of 291 keV,

714 keV and 961 keV transitions in coincide with 945 keV confirms the placement of it in the

level scheme, decaying from the (19/2+ spin) 1768 keV level. Another new 792 keV transition

of E1 nature has also been observed in the coincidence spectrum of 945 keV and placed in

the top of band B2 indicating different intrinsic configuration than B2 beyond 3443 keV level.
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The presence of 792 keV in 1002 keV coincidence gate (Fig. 5.4(b)), confirms the presence of

another 334 keV connecting transition from the 3443 keV level of band B2 to the 3108 keV

level of band B1.

The spin and parity of the levels of band B2 is dependent on the nature of the connecting

transitions from band B2 to band B1. Since the spin-parity assignment of the 1768 keV level

is (so as the band B2) dependent on the nature of 945 keV transition, the determination of

the multipolarity and type (E or M) of 945 keV transition, is very important. To find out the

nature of the 945 keV transition and the delta mixing (δ) of the higher multipole order, the

DCO ratio value as well as experimental ∆IPDCO value have been compared with theoretical

calculated values for different spin sequences. The DCO ratio value of the 945 keV transition

is found to be 0.21(1) in the quadrupole gate of 291 keV transition (see Table 5.1), whereas the

∆IPDCO value is coming out to be 0.015(5).

Different polarization values for 945 keV can be obtained for different possible Jπi to Jπf cases:

21/2+/− to 17/2+, 19+/− to 17/2+ and 17/2+/− to 17/2+, considering different mixing ratio

delta (δ) of the 945 keV transition with higher multipole order, following the prescription of

Ref. [28]. A χ2 (δ) analysis [27] from the present experimental data considering polarization

measurements of 945 keV transition for different spin sequences was then carried out and is

shown in Fig. 5.6. It can be seen from the figure that the χ2 (δ) is minimum for the case 19/2+

to 17/2+. The possible delta (δ) mixing corresponding to this case is -1.5 or -2.2 (corresponding

to tan−1(δ)= -56◦ and -63◦) and also mentioned in the plot. For further verification, different

DCO ratio values of 945 keV for this possible spin sequence of 19/2+ to 17/2+ have been

calculated using the code ANGCOR [26] considering different delta mixing in the 291 keV

gate. A plot with calculated DCO ratio value in X axis and calculated polarization value in

Y axis for 19/2+/− to 17/2+ spin sequences has been done for comparing the experimental

results and shown in Fig. 5.7. It is clear from the Fig. 5.7 that the experimental value matches

well with the 19/2+ to 17/2+ case and the mixing ratio (δ) value is -1.9 which is also in good

agreement with the Fig. 5.6 for 19/2+ to 17/2+ case.

117



200 300 400 500 600 700 800 900 1000 1100 1200
0.0

2.0x102

4.0x102

6.0x102

8.0x102

1.0x103

1.2x103

200 300 400 500 600 700 800 900 1000 1100 1200
0.0

5.0x102

1.0x103

1.5x103

200 300 400 500 600 700 800 900 1000 1100 1200
0.0

5.0x102

1.0x103

1.5x103

2.0x103

2.5x103

27
8

(c) Gate: 650 keV

(b) Gate: 349 keV

 

C
ou

nt
s/

 0
.3

 k
eV

(a) Gate: 945 keV

74
1* 10

05
*

78
4*55

8*
53

329
1

55
6* 75

3*

 

Energy (keV)

C
ou

nt
s/

 0
.3

 k
eV

Energy (keV)

29
1

96
1*

79
2*71

4*

56
3*53

2

 

 

C
ou

nt
s/

 0
.3

 k
eV

Energy (keV)

29
1

Figure 5.5: Coincidence spectra gated by (a) 945 keV and (b) 349 keV (c) 650 keV transitions

corresponding to the band B2, B3 and B4 respectively in 199Hg. ‘*’marked transitions are newly

placed in the level scheme.

Comparing the experimental values of DCO ratio and polarization with theoretically determined

values for different spin sequences, 945 keV transition has been found to be of M1+E2 nature

118



-80 -60 -40 -20 0 20 40 60 80
1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

0.01

0.1

1

10

=3.8, 2=1*10-5

=-0.8, 2=2*10-4

=-2.2, 2=7*10-8

=-1.5, 2=7*10-6

 

Po
la
riz

at
io
n)

arctan( )

 21/2+ ->17/2+  21/2- ->17/2+
 19/2+ ->17/2+  19/2- ->17/2+
 17/2+ ->17/2+  17/2- ->17/2+

Figure 5.6: χ2(δ) analysis of Polarization of 945 keV transition as a function of arctan(δ).

with mixing δ = −1.9. This mixing value of 945 keV indicates almost 78% of E2 admixture with

M1 component and thus the spin and parity of 1768 keV level is fixed at 19/2+. Depending on

that spin of 1768 keV level and the DCO ratio and ∆IPDCO ratio values of 495, 714 and 961 keV

transitions, all the spin-parities of the levels corresponding to band B2 have been confirmed.
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Table 5.1: The energies of the γ ray transitions (Eγ), the

energies of the initial levels (Ei), the spins and parities

of the initial (Jπ
i ) and final (Jπ

f ) levels along with the

relative intensities (Iγ) , DCO ratios (RDCO) and IPDCO

values (∆IPDCO) for all the transitions in 199Tl from the

present work are shown. The proposed multipolarities of

the γ rays are also mentioned.

Eγ Ei Jπ
i → Jπ

f Iγ(Err)
1

RDCO(Err) ∆IPDCO(Err) Deduced

(in keV) (in keV) Multipol.

63.0(10)
2

2486 25/2−→23/2− - - - (M1+E2)

136.2(3) 2764 29/2− → 27/2− 0.755(10) 0.61(8)
3

- (M1+E2)

142.1(3) 2628 27/2−→25/2− 0.795(10) 0.56(18)
4

- (M1+E2)

155.5(4) 2486 25/2−→21/2− 1.99(5) 1.15(6)
3

- (E2)

158.5(1) 158 5/2−→1/2− 4.64(5) - - E2
5

191.2(2) 4081 33/2−→31/2(−) 0.450(5) 0.33(5)
3

- (M1+E2)

203.9(2) 2628 27/2−→23/2− 0.900(10) 1.07(6)
3

- (E2)

255.6(3) 2884 29/2(+)→27/2− 0.0500(5) 0.54(3)
3

- (E1)

277.9(2) 2764 29/2−→25/2− 5.600(20) 1.03(1)
3

0.15(3) E2

291.2(1) 823 17/2+→13/2+ 100.00(11) 1.004(3)
4

0.14(3) E2

302.4(2) 3067 31/2−→29/2− 0.210(5) 0.60(7)
3

-0.13(9) M1+E2

334.1(10) 3443 27/2+→29/2+ 0.0600(10) - - M1

349.3(2) 2178 23/2+→19/2+ 1.305(10) 0.95(8)
9

0.11(2) E2

360.4(2) 2846 29/2−→25/2− 0.920(15) 0.99(6)
3

0.04(2) E2

373.7(2) 532 13/2+→5/2− 10.0(5) - - M4
5

380.2(1) 2486 25/2−→25/2+ 13.75(4) 1.11(1)
3

-0.18(4) E1

402.2(2) 4483 37/2(−)→33/2(−) 0.400(5) 0.74(11)
6

0.20(17) E2

412.0(10) 1768 19/2+→21/2+ 0.600(10) 0.83(3)
3

-0.014(5) M1+E2

438.2(3) 3067 31/2−→27/2− 3.180(20) 1.01(3)
4

0.12(3) E2
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Table 5.1: Continued...

Eγ Ei Jπ
i → Jπ

f Iγ(Err)
1

RDCO ∆IPDCO Deduced

(in keV) (in keV) (Err) (Err) Multipol.

449.7(3) 1273 15/2+→17/2+ 0.795(10) 0.34(6)
9

0.06(2) M1+E2

454.0(10) 3219 29/2−→29/2− 0.395(5) - 0.35(26) (M1)

457.9(3) 2564 27/2+→25/2+ 0.590(5) 0.43(6)
3

-0.18(8) M1+E2

495.0(10) 1768 19/2+→15/2+ 0.650(15) 1.02(27)
7

0.07(4) E2

522.0(10) 2628 27/2−→25/2+ 5.82(3) 0.456(6)
3

0.09(2) E1

532.0(10) 3296 33/2−→29/2− 1.70(4) 0.99(2)
4

0.11(3) E2

533.0(10) 1357 21/2+→17/2+ 69.20(13) 1.17(4)
8

0.038(9) E2

556.1(2) 1829 19/2+→15/2+ 1.00(5) - 0.25(14) (E2)

556.7(3) 2564 27/2+→23/2+ 0.965(10) 1.02(14)
4

0.7(3) E2

562.6(3) 2331 21/2−→19/2+ 0.565(10) 0.35(6)
9

0.16(5) E1

635.3(2) 3702 35/2−→31/2− 0.32(8) 0.95(4)
9

0.29(11) E2

650.2(1) 2007 23/2+→21/2+ 2.945(20) 0.55(2)
9

-0.005(1) M1

708.0(1) 3132 25/2+→23/2− 0.500(11) 0.39(10)
9

0.08(4) E1

714.0(10) 2483 23/2+→19/2+ 0.465(10) 1.02(25)
9

0.010(4) E2

732.9(2) 3219 29/2−→25/2− 0.755(15) 1.16(6)
3

0.17(10) E2

740.8(2) 1273 15/2+→13/2+ 2.170(10) 0.58(22)
7

0.014(12) M1+E2

749.5(2) 2106 25/2+→21/2+ 29.30(8) 0.92(1)
9

0.12(2) E2

752.6(2) 2931 27/2+→23/2+ 2.05(4) 1.08(7)
9

0.012(3) E2

779.7(3) 4076 37/2−→33/2− 0.355(7) 0.86(11)
6

0.25(11) E2

783.9(2) 3348 31/2+→27/2+ 0.810(5) 0.91(12)
3

0.26(11) E2

792.2(3) 4235 29/2−→27/2+ 0.170(5) 0.36(14)
3

0.17(20) E1

821.5(3) 2178 23/2+→21/2+ 1.660(15) 1.13(6)
3

0.12(4) M1+E2

863.0(10) 2136 (19/2)+→15/2+ 0.93(2) - 0.12(3) (E2)

907.9(10) 3672 31/2−→29/2− 0.170(10) 0.25(5)
3

-0.16(8) M1+E2

939.6(2) 4641 (39/2)−→35/2− 0.145(10) - 0.22(7) (E2)

944.9(1) 1768 19/2+→17/2+ 3.60(3) 0.21(1)
9

0.015(5)
10

M1+E2
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Table 5.1: Continued...

Eγ Ei Jπ
i → Jπ

f Iγ(Err)
1

RDCO ∆IPDCO Deduced

(in keV) (in keV) (Err) (Err) Multipol.

960.6(10) 3443 27/2+→23/2+ 0.38(4) 0.86(15)
3

0.17(7) E2

974.2(2) 2331 21/2−→21/2+ 5.80(4) 1.01(2)
3

-0.08(2) E1
5

1001.7(2) 3108 29/2+→25/2+ 3.51(4) 0.99(5)
3

0.14(4) E2

1004.9(2) 1829 19/2+→17/2+ 3.55(4) 0.85(3)
9

0.17(4) M1+E2

1067.7(1) 2424 23/2−→21/2+ 6.85(4) 0.49(1)
3

0.05(1) E1

1125.6(10) 3890 31/2(−)→29/2− 0.540(10) 0.55(5)
6

- (M1)

1126.7(10) 2483 23/2+→21/2+ 0.700(5) 0.34(6)
7

- (M1+E2)

1127.6(10) 4235 29/2−→29/2+ 0.270(5) - - (E1)

1160.7(4) 4268 33/2+→29/2+ 0.420(10) 1.2(4)
9

0.09(5) E2

1164.2(3) 3650 29/2−→25/2− 0.865(15) 0.61(2)
9

0.18(7) E2

1174.0(10) 3660 27/2+→25/2− 0.455(15) 0.55(8)
3

0.11(6) E1

1336.6(10) 3443 27/2+→25/2+ 0.500(5) - - (M1+E2)

The 1126 keV transition, connecting the sequence B8 with band B5, has already been reported

in the earlier work [29]. Along with that, two more transitions of similar energy: 1127 keV

and 1128 keV have also been observed in the present work. The presence of the 1127 keV

interconnecting transition between band B2 and band B1 from 2483 keV level has been shown

1Relative γ ray intensities are estimated from prompt spectra and

normalized to 100 for the total intensity of 291.0-keV γ ray.
2Unobserved transition, placed depending on coincidence relationship.
3From 291.0+533.0+750.0 keV combined (E2) DCO gate;
4From 533.0 keV (E2) DCO gate;
5The Multipolarity and the spins are adopted from Ref [28]
6From 278.0 keV (E2) DCO gate;
7From 961.0 keV (E2) DCO gate from INGA-VECC data;
8From 1002.0 keV (E2) DCO gate;
9From 291.0 keV (E2) DCO gate;

10From the VENUS data;
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Figure 5.7: The calculated value of RDCO and polarization for two possible spin sequences for

the 945 keV considering different mixing ratio δ. The experimental value of the same has also

been plotted for comparison.

in the gate of 533 keV in Fig. 5.4(a) which is placed just above 1357 keV level. The DCO

ratio values of this 1127 keV transition has comes out to be 0.34(6) in the quadrupole gate of

961 keV (E2). The spin of the 2483 keV level is fixed as 23/2+ from the E2 nature of 714 keV

transition. Therefore 1127 keV transition is happened to decay from 23/2+ spin to 21/2+ spin,

which, in turn, make 1127 keV to be of highly mixed M1+E2 nature. From the RDCO values

listed in Table 5.1 and from the level spins of band B1 and B2, the other connecting transitions

decaying from the band B2 to band B1 e.g. 450 keV, 412 keV etc. are also found to be of M1

nature with high E2 admixture.

Another band structure has been observed in parallel with the band B1 except band B2 from

1829 keV level and named as band B3 in Fig. 5.3. The band has been extended up to 27/2+
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spin with two E2 transitions, 349 keV and 753 keV. The band B3 is connected with band B1

as well as to band B2 with 1005 keV, 822 keV and 556 keV transitions, respectively. The DCO

and ∆IPDCO ratio values of 1005 keV are found to be 0.85(3) (in quadrupole gate) and 0.17(4),

respectively and the multipolarity is assigned as M1+E2 with a large E2 mixing. Thus the

spin of the 1829 keV level has been fixed at 19/2+ from the nature of 1005 keV transition.

The DCO ratio value of 556 keV transition could not be found from the present data but

the IPDCO ratio value indicates it as electric transition. However, the spins of 1829 keV and

1273 keV levels have fixed it as E2 transition. If the multipolarity of 1005 keV was assigned

as two (E2) then the spin of the 1829 keV would be 21/2+ and therefore the 556 keV γ ray

would be of M3 nature, which is quite rare as well as unlikely. This is another reason to assign

the multipolarity of 1005 keV as M1+E2. All the transitions belong to the band B3 as well as

connecting transitions to band B1 (except 822 keV) and B2 has been shown in the coincidence

spectrum of 349 keV in Fig 5.5(b).

The coincidence gate of a newly observed transition 650 keV has been shown in Fig 5.5(c).

This transition is found in coincidence with 533 keV as can be observed from gated spectrum

of 533 keV in Fig. 5.4(a). But the 750 keV transition is not in the coincidence with 650 keV

transition (Fig 5.5(c)), which place the 650 keV transition on the top of 1357 keV level. The

gate of 650 keV shows coincidence with newly observed 557 keV and 784 keV transition with

it. The DCO and IPDCO ratio values of 557 and 784 keV transitions, listed in Table 5.1,

indicate them as E2 transitions. The DCO ratio value of the connecting 650 keV transition is

found to be 0.55(2) and the IPDCO ratio value comes out to be negative. Thus the 650 keV

transition is turns out to be of M1 character. Therefore the spin of the band head of the band

B4 (marked in the level scheme) is fixed at 23/2+ and the band has been extended upto 31/2+

spin. Another 458 keV transition has been observed to decay from 1564 keV 27/2+ level to the

main band B1 at 2106 keV level and found to be of M1 character like the 650 keV transition.

This band (B4) does not found to have any connections with the other two (band B2 and B3)

band in the level scheme.

A single γ ray 863 keV has been found in coincidence with 741 keV transition only and also can

be seen in the total projection in Fig. 5.2. It does not appear in any other coincidence gate as
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can also be seen from the coincidence spectra of 533 keV, 1002 keV or 945 keV etc. in Fig 5.4

and Fig. 5.5. So the 863 keV γ ray has been placed to decay from a discrete level at 2136 keV

level to 1273 keV level.

Therefore a extended and improved level scheme of 199Hg with respect to the last work is

established in the present thesis. The interpretations of the structures of these newly found

bands as well as the single particle levels are discussed in the following section.

5.4 Discussion

The level scheme from the present work represents a decoupled positive parity band structure

above the 13/2+ isomer with a semi-decoupled negative parity band structure built on 2331 keV

level in 199Hg. Band structures parallel to the main yrast band have also been established for

the first time from the present work, which are marked in the level scheme as B2, B3 and B4.

Along with these band structures, a few discrete single particle levels also have been observed

(marked as B7) to decay to the semi-decoupled negative parity band. The structure of the

bands as well as the discrete levels have been discussed below.

5.4.1 Band B1

The analog of band B1 in 199Hg, based on the high-j νi13/2 configuration on top of the 13/2+

isomer, has been reported in all the odd-A Hg isotopes. For all the lower odd mass Hg isotopes

including 197Hg, this band has been observed beyond the band crossing. The band crossing for

the νi13/2 band in all odd mass Hg nuclei, as well as for the ground state band in all even Hg

nuclei, are observed after 25/2+ and 6+ spin, respectively. Prior to the present work, the νi13/2

band in 199Hg was known only up to 25/2+ spin. In the present work, this band B1 has been

extended up to 31/2+ spin with observation of two new E2 transitions. The E (level energy)

vs. I (level spin) of band B1 of 199Hg along with the same band in lower odd mass Hg nuclei
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are plotted in Fig.5.8 and are fitted using the rotor equation

E(I) = E0 +m ∗ I ∗ (I + 1), where m = (~2/2J )

where J is the moment of inertia and E0 is a parameter corresponding to the initial energy of

the band. One of the simplistic ways of determining whether a band corresponds to a deformed

rotational character, is from the E vs. I plot, which can be fitted with a parabola in the case

of a rotational band. The different slopes of the parabola indicate different moments of inertia

and hence to the different origins of the band structures. It can be seen from figure 5.8 that

the slope of all the fitted curves corresponding to band B1 (νi13/2 band) in 199Hg and the

lower part of other odd Hg nuclei are very much similar. Hence the moment of inertia for the

initial part of the bands are same for all the bands. It can be concluded that the band B1 is

rotational in nature and originated from the same intrinsic structure, i.e νi13/2 orbital as the

other neighbouring odd mass Hg isotopes. Other than 199Hg all the lower mass Hg isotopes

show a different slope in the E vs I plot (as can be seen in 5.8) after 29/2+ spin and clearly

that corresponds to a different moment of inertia. It is understood from the above observation

that all the other isotopes exhibit a different structure after 29/2+ spin and in 199Hg nucleus

the same νi13/2 configuration continue up to 33/2+ spin.

The aligned angular momentum (ix) for the νi13/2 bands of different odd-A Hg nuclei is shown

in Fig.5.9 as a function of rotational frequency (~ω). The νi13/2 bands for all the neighbouring

odd mass Hg nuclei are showing a band crossing at almost same frequency(~ω)∼0.32 MeV

except in 199Hg. The ix plot for this band shows a gain in alignment of more than 9 ~ for the

neighbouring odd-Hg nuclei which can be achieved by breaking a nucleon pair in high-j orbital.

Thus the band crossing in all the lower mass odd Hg isotopes is explained as the alignment

of a pair of neutrons in the νi13/2 orbital. Hence, the upper part of this band after band

crossing corresponds to a 3-qp (νi13/2)
3 configuration. Unlike other odd mass Hg isotopes, only

for 199Hg nucleus, the band crossing has not been seen, which lead the same band continued

up to ~ω ∼ 0.55 MeV (see Fig. 5.9). The band B1 is observed to see a gradual lowering in

alignment (ix) after 25/2
+ spin which is also the case for the ground state band of 200Hg. The

alignment plot for all the neighbouring even mass Hg isotopes are plotted in Fig. 5.9 (lower

panel). Starting from 190Hg all the even mass Hg nuclei are experiencing a back-bending after
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Figure 5.8: Energy vs Spin plot for νi13/2 configuration B1 band for 199Hg as well as for the

analogous band in lower odd mass Hg isotopes. The level energies of the same bands of 191−197Hg

are taken from ref. [42, 18, 15, 22, 28, 17] The solid lines are the fits using the rotational model

formula (see text for details).

~ω ∼ 0.55 MeV except 200Hg which is interpreted as the same νi13/2 pair break. One of the

possible explanations for the non observation of the neutron pair alignment in i13/2 orbital in

199Hg could be Pauli blocking effect. As the i13/2 orbital is occupied more and more with the

increase of neutron number and approaching N = 119 in 199Hg, the last valance neutron is in

the Ω=1/2 projection of i13/2 orbital in the oblate side (as can be verified from the Nilsson

diagram) and the orbital is almost full. So a pair breaking in the last available Ω = 1/2

projection of νi13/2 orbital is blocked by the last odd neutron in i13/2 orbital. The pair breaking

in νi13/2 for the 200Hg is also not possible as the neutron number approaches N = 120 for this

nucleus and the i13/2 orbital is full. The pair breaking in other available orbitals (νf5/2, νp3/2

etc.) is probably energetically unfavourable and thus may be expected in higher frequency.

The non observance of the transitions beyond 25/2+ for 199Hg in previous studies is due to the

non-yrastness of the νi13/2 band beyond this spin. This explanation is supported by the sudden
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Figure 5.9: upper panel: Alignment plot for the νi13/2 bands in odd-mass Hg isotopes. lower

panel: Alignment plot for the ground bands in even-mass Hg isotopes. The level energies of the

same bands of 191−197Hg are taken from ref. [42, 18, 15, 22, 28, 17]. The level energies of the

same bands of 190−200Hg are taken from ref. [18, 19, 35, 43]. The Harris reference parameters

are taken as J0 = 8~2MeV −1and J1 = 40~4MeV −3.

intensity drop of the transitions (1002 and 1161 keV) decaying from the non-yrast 29/2+ and

33/2+ levels as found in the present work. The non-yrast states are possible to observe for the

128



first time due to the population of the excited states by light ion induced fusion evaporation

process, as employed in the present work.

5.4.2 Band B2

In the present work, the band B2 is newly found as a rotational band with a sequence of E2

transitions 495, 714 and 961 keV as can be seen in Fig.5.3. No states corresponding to this

band were observed in the previous studies by Mertin et. al. [28] and Negi et. al. [29]. Only the

1768 keV level and the transition 945 keV, decaying from that level to band B1 was reported

long back in an (α, xn) reaction by Proetel et. al. [15]. But no states corresponding to the

same band has been observed to decay from or feed to the 1768 keV level in that study.

To find out the structure (or configuration) of the band B2, the excitation energy vs spin plot as

well as the aligned angular momentum (ix), Moment of Inertia (MoI) as a function of rotational

frequency (~ω) plot have been shown in Fig.5.10. All of these quantities have been compared

with the yrast νi13/2 band (band B1). The E (level energy) vs. I (level spin) of the band B1 and

band B2 of 199Hg are fitted (see Fig.5.10(a)) using the rotor equation as discussed above. It has

been observed that both the bands are nicely fitted with the equation and corresponds to almost

same slope and therefore expected to have similar MoI. To verify it, the Kinematic Moment of

Inertia (KMI) as well as Dynamic Moment of Inertia (DMI) corresponds to band B1 and B2,

have been determined and shown in Fig.5.10(c) and Fig.5.10(d) respectively. Both the plots

clearly show that band B1 and band B2 have same Moment of Inertia which quite obviously

indicate that both of the bands are of same intrinsic configuration. With the establishment of

the band B2 as a rotational band the aligned angular momentum (ix) of band B2 has also been

compared with that of B1, showing similar initial alignment of∼5~ which indeed the case for

νi13/2 band for all other odd Hg isotopes.

To understand further about the partner band B2 with similar characteristics as of the yrast

band a literature survey has been done and it has been found that the similar 15/2+ state (the

band head of band B2) has also been observed in the lower mass odd Hg isotopes 191−193Hg [18]
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Figure 5.10: Comparison between the Band B1 and B2 of 199Hg nucleus with νi13/2 configu-

ration. The figure represents the (a) Energy vs Spin plot (b) Alignment plot as a function of

rotational frequency (c) Kinematic Moment of Inertia (KMI) as a function of rotational fre-

quency and (d) Dynamic Moment of Inertia (DMI) as a function of rotational frequency. The

Harris reference parameters are taken as J0 = 8~2MeV −1and J1 = 40~4MeV −3.

but nothing was inferred about the characteristics of the states but mentioned as the level of

the partner band of the νi13/2 band.

Similar partner band has been also observed in odd-A Pt [44, 6] isotopes along with the same

νi13/2 yrast band as in the odd-A Hg isotopes. It may be noted that the odd-mass Pt (Z = 78)

isotopes just have two proton less than the Hg (Z = 80) isotopes and the neutron Fermi level
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is exactly in the same region as the corresponding odd mass Hg nuclei. So the Hg isotopes are

expected to exhibit similar structure as the odd mass Pt isotopes (e.g. the structure of 195Hg

is similar to that of 193Pt). The level schemes of 191,193Pt [6] show three levels with Jπ= 11/2+,

15/2+ and 19/2+ which form a sequence of E2 transitions as inter band transitions and these

levels were connected with the main yrast band (the νi13/2 band) with M1+E2 transitions.

A recent study on the Pt isotopes also reports similar kind of structure in 195Pt [44]) but

they could only identify Jπ= 15/2+ and 19/2+ levels. These levels are also connected with

the yrast band by M1+E2 transitions. Data for 197Pt [44] are too less to confirm any of

these side levels. The energy levels of the 191,193Pt were theoretically reproduced by Saha

et. al. [6] considering Triaxial Rotor Model calculations. The low-lying level structure of

νi13/2 as well as the partner band are remarkably well matched with the experimental results

both for 191Pt and 193Pt considering the triaxial parameter γ=30◦ and quadrupole deformation

parameter β2=0.18. Therefore Khoo et. al. and Saha et. al. [5, 6]) both suggest that these two

nuclei (191,193Pt) have triaxial deformation associated with the νi13/2 configuration. No such

calculations considering triaxial core has been done for 195Pt in Ref. [44] but they have done

the Total Routhian Surface(TRS) calculations which suggest energy minimization at γ=-50◦

at 17/2 ~ spin associated with the i13/2 band. This calculation suggests that the nucleus is not

exactly oblate but has a tendency towards triaxiality at higher spin with calculated triaxial

parameter γ=-75◦. From the above experimental findings, it is therefore very much clear that

this mass region, with the involvement of high-j νi13/2 orbital is very much probable to have

the triaxial shapes. The triaxial shape in a nucleus with unpaired proton and/or neutron can

be manifested in its level scheme in the form of the appearance of band structures due to

chiral symmetry breaking and wobbling motion. In support of that, the recent works on the

194,195,198Tl (Z = 81) nuclei [13, 14, 15] also reported chirality as an experimental signature

of triaxiality with the involvement of νi13/2 orbital. Apart from chirality, another evidence

of triaxial shape in nucleus is the wobbling motion and the observation of the corresponding

wobbling partner bands. But no evidence of wobbling has been established in mass 190-200

region till date. As discussed above, with the availability of one odd neutron in the high-j i13/2
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orbital and the possible presence of the triaxially deformed shape, the odd mass Hg nuclei in

190-200 mass region are expected to exhibit wobbling motion.

Wobbling

A triaxial nucleus can have collective angular momentum components along all three principal

axes, but generally it rotates around the axis with the largest MoI. Wobbling modes are created

when this rotational motion is disturbed by the rotation about the other two principal axes

and hence it precesses and wobbles around the axis with the largest MoI. The energy spectra

related to the wobbling motion consists of the sequences of two ∆I = 2 identical rotational

bands built on different wobbling phonon excitation. These bands are called (nω = 0) zero

phonon (yrast) band, (nω = 1) one phonon (wobbling) band and (nω = 2) two phonon band

etc. These bands have connections within themselves with ∆I = 1, E2 transitions. Basically,

the connecting transitions between the yrast and the wobbling bands should have large mixing

of E2 component. The appearance of wobbling motion in even even nuclei are explained by Bohr

and Mottelson in Ref. [45]. The wobbling motion has been reported in different mass region

(around A∼110, A∼130, A∼160) across the nuclear chart [46, 47, 48, 49, 50, 51, 52, 53, 54].

Among them the 135Pr shows wobbling at low spin [49] and low deformation(ǫ2=0.16). In almost

all of these nuclei, the presence of an odd quasi-particle in high-j orbital modifies the wobbling

motion significantly, which provides additional evidence for the triaxial shape. Very recently

Frauendorf and Dönau [55] have analyzed the modification of the wobbling behavior semi-

classically. According to them, the wobbling mode in an odd-mass nucleus can be characterized

in two types, based on the coupling of the angular momentum of the odd particle with triaxial

core, called as “transverse mode” and “longitudinal mode”. In transverse mode, which is the

case for most of the nuclei for which wobbling motion is reported, the angular momentum of

the odd particle is perpendicular to the axis with the largest MoI, whereas for “longitudinal

wobbling” the odd particle aligns along the medium axis i.e. the axis with the largest MoI. These

two different modes of wobbling, transverse and longitudinal can be identified by the decrease

or increase of the wobbling energy (Ewobb(I) = ~ωwobb), as a function of spin(I), respectively.

Ewobb is defined as
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Ewobb(I) = E(I, nω = 1)−
(

E(I − 1, nω = 0) + E(I + 1, nω = 0)

2

)

(5.1)

In the present work, the band B2 is observed to decay to the band B1 with the 741, 945, 1127

and 1337 keV transitions. The strongest connecting transition, i.e 945 keV, is found to be of

highly mixed M1+E2 nature with 78% mixing (∆ = −1.9) as discussed in Results section (see

Fig. 5.7). The main experimental signature of wobbling motion, as a ∆I = 1, predominantly

E2 connecting transitions between the two wobbling partner bands, has been satisfied as the

strongest connecting transitions from band B1 to band B2 are determined to be of highly

mixed predominantly E2 nature. From the above analysis, in the present case, the yrast band

B1 can be attributed as the (nω = 0) zero phonon band whereas the band B2 is assumed to

be generated from the nω = 1 phonon oscillation. To explore the nature of wobbling motion in

199Hg further, the wobbling energy Ewobb (or wobbling frequency ~ωwobb) has been plotted as a

function of spin (I) for the yrast band (B1) and the partner band (B2) as per the Eq. 5.1 and

shown in Fig. 5.11.
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Figure 5.11: The wobbling energy Ewobb plot for the νi13/2 bands in 199Hg.
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The increase of the Ewobb with increasing spin (I) further indicates the wobbling motion as the

longitudinal wobbling. Therefore the band B2 in 199Hg may be a possible wobbling partner of

the yrast νi13/2 band. Other than the strongest 945 keV connecting transition (from band B1

and B2), 741 keV is decaying to the isomeric 532.2 keV level, which barred the determination

of it’s DCO ratio value in a gate of intense known E2 transition. The DCO ratio value of the

741 keV in a weak 961 keV E2 gate (see Table 5.1) has indicate a mixed M1+E2 nature with a

large error included. Two more connecting transitions, 450 keV and 412 keV from the band B2

to band B1 (see Fig. 5.3), have also been observed in the present work, but in this case they are

decaying to the higher spin. Similar kind of connecting transitions from the lower spin states of

wobbling partner band to the higher spin states of the main band were also seen and reported

in the study on 105Pd and 135Pr [46, 49] nuclei earlier. This justify the presence of 450 keV and

412 keV connecting the newly observed possible wobbling partner band B2 to yrast band B1.

The determination of mixing ratio of all the other connecting M1+E2 transitions (741, 1127,

1337 keV) would establish the band B2 as the wobbling partner band experimentally, which

could not be possible due to limitation of statistics in the current data. If established, then

this would be the first observation of wobbling motion in low spin, involving a odd neutron

in high-j i13/2 orbital in this mass region. The recent work on 199Hg by Negi et. al. have

not observed the band B2 but they have done a TRS calculation with νi13/2 configuration.

The TRS calculation shows a energy minimization at 21/2~ spin with the triaxial parameter

γ = −69◦ and deformation parameter ǫ2=0.14 with a indication of increasing triaxiality at

higher spin. It will be really interesting to calculate the triaxiality parameter at spin 15/2~

or less with same configuration to really understand the possibility of having triaxiality in this

nucleus at low spin. Further, the theoretical Triaxial Rotor Model calculations is warrented to

firmly establish the wobbling motion, leading to the triaxial shape of the 199Hg nucleus.

5.4.3 Bands B3 and B4

The band B4 has been found to be connected with the band B1 by a 1005 keV transition at

823 keV level. This band also has been newly found in the present work as a sequence of E2
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transitions, 349 keV and 753 keV with a band head spin-parity of 19/2+. The DCO ratio value

of 1005 keV in the quadrupole gate of 291 keV has been determined as 0.85(3) and therefore,

the transition is found to be as M1 transitions with large δ mixing of higher multipole E2.

The band (B3) also have connections to both bands B1 (via highly mixed 1005 and 822 keV

transition) and the band B2 (via 556 keV transition) which are identified as the nω = 0 phonon

and nω = 1 phonon bands, respectively, in the previous subsection. In a wobbling motion

(as already discussed in the previous subsection) the presence of several rotational bands are

expected to exist which corresponds to different phonon vibration state. In the present work

the band B3 in 199Hg may correspond to the third wobbling band with nω = 2 phonon state

but we do not have enough information to confirm this conjecture. The extension of the band

B3 up to higher spins would be interesting to infer about the origin of the rotational band.

The band B4 has a band head at 23/2+ and the band has been observed to have two E2

transitions (557 keV and 784 keV) which extends the band up to 31/2+ spin. This band

interacts with the yrast band by M1 transitions. This connecting transitions have lesser E2

mixing as can be seen from the DCO ratio values of them (see Table 5.1). With the above

observation, band B4 can be identified as the signature partner band of the yrast νi13/2 band,

but it has not been extended much.

More experimental data is therefore needed to firmly conclude about the nature of these two

bands, B3 and B4.

5.4.4 Bands B5 and B6

The occurrence of negative parity band is a common feature of the odd-A as well as even-A

Hg isotopes in this mass region with a band head of 21/2− and 5−, respectively. The negative

parity 5−, 7− etc. states are generated with an intrinsic structure of two neutrons, one in high-j

orbital (i13/2) completely decoupled from the core and another one in the opposite parity low-j

orbital. The band B5 and the band B6 are the two sequences of negative parity levels with E2

transitions and connected by M1+E2 transitions. These bands are connected with the yrast
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band (B1) by four intense transitions. Basically, the negative parity bands become yrast after

25/2 spin and the change in parity of these two bands are suggesting a change in configuration.

The level structure of these bands is remarkably similar to the structure of the negative-parity

bands in the adjacent even Hg isotopes. These bands in the odd-A Hg isotopes are described as

semi decoupled bands. The states in this band are generated from the coupling of i13/2 neutron

with the negative parity states of the neighbouring even Hg isotopes. The 5− state in even

Hg isotopes has the 2-qp configuration of (νi13/2) ⊗ ν(j−)
1 where the other neutron is in the

available low-j (j−) 3p3/2,3p1/2 or 2f5/2 orbital [14]. Hence the configuration of the band B5

and B6 is (νi13/2)
2 ⊗ ν(j−)

1 where j− = f5/2, p3/2, p1/2.

5.4.5 Bands B7 and B8

Few discrete levels with one or two connecting transitions from each level to the B5 and B6 bands

have been established for the first time in the present work. These levels are not forming any

regular pattern, considering the spins and parities of the states. Thus the levels are identified

as generated from pure single particle structure. Considering the energy of the levels as well as

the connections with the negative parity bands, the intrinsic configuration of the levels can be

attributed to generate from a 3-qp structure, as in the bands B5 and B6. The different parities

and spins of the levels are expected due to the the possibility of different coupling combinations

of the νi13/2, νf5/2, νp3/2, νp1/2 orbitals.

The band B8 was extended extensively in the latest work by Negi et. al. and assigned as a

tentative positive parity band. In the present work few of the levels of the said band has also

been identified but ∆IPDCO value of the connecting transition 1126 keV (DCO ratio indicate

the multipolarity as one)could not be determined due to limited statistics. But the spin and

parity of the 3650 keV level of band the B8 is assigned as 29/2− from the DCO and ∆IPDCO

ratio value of the connecting 1164 keV transition. Thus as apart of the band B8, the spin and

parity of the 3890 keV level was tentatively assigned as 31/2− in the present work. These states

of the band B8 were assigned +ve parity in Ref [29] and was described as the 3-qp part of band
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B1. However, if these states are of -ve parity, as tentatively assigned in this work, then these

configuration would not hold.

5.5 Summary

The yrast and near yrast structure in 199Hg have been explored by using the fusion evaporation

reaction 198Pt(α,3n) at K-130 Cyclotron, Kolkata with 36 MeV α beam and studied by γ ray

spectroscopic techniques. The properties of the excited states of the 199Hg have been studied

using two different set ups, VENUS which consists of 6 Compton-suppressed Clover HPGe

detectors and INGA with a larger number of Clover detectors in 90◦ angle for Polarization

measurements. The significant extension of level scheme of 199Hg have been done through the

observation of new band structure as well as single particle levels via placement of 31 new

transitions up to the excitation energy of ∼ 4.6 MeV and spin of 19.5~. The yrast νi13/2 band

has been extended up to 31/2+ spin states for the first time, with no band crossing observed but

it has been found that remarkable similarity of the low-lying states in the νi13/2 band in odd-A

Hg nuclei continues to persist in the N = 119 isotope. The non-observance of the pair breaking

in the νi13/2 unlike the neighbouring odd mass Hg isotopes is inferred as the Pauli blocking

effect of the odd neutron in the last available space in i13/2 orbital as the neutron number reach

N = 119 in case of 199Hg. The similar alignment pattern (like the νi13/2 band in 199Hg) of the

ground state band for the next even-even 200Hg nucleus (N = 120) is also supports the fact

that non-availability of the i13/2 orbital cause the continuation the same band. A non-yrast

∆I = 2, E2 band is observed to appear as a partner of yrast νi13/2 band and it has been

found to decay to the yrast band with a set of ∆I = 1, predominantly E2 transitions. The

experimental facts about the multipolarity of the strongest connecting transition are verified

with the calculated value and a high δ mixing is determined for the it. The experimental

findings therefore, may lead the inference towards the first observation of wobbling bands in

this mass region, if established by the theoretical calculations. Since in the neighbouring region

is established as a rich ground to find triaxial shapes from the earlier studies, the possibility of

the appearance of this kind of exotic structure is expected. The increasing value of Ewobb as a
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function of spin suggests 199Hg nucleus as a possible longitudinal wobbler which involves an odd

neutron in high-j i13/2 orbital. Along with the observation of nω = 0 and nω = 1 band, another

rotational band has been also identified, but the nature of the band could not be confirmed as

nω = 2 band or as any other different configuration due to the non observation of that band

up to higher spins. Another new partner band with 23/2+ band head has been established for

the first time and interpreted as the signature partner band of the yrast 1-qp i13/2 band.

The negative parity semi-decoupled band has also been observed in the present work and the

spins and parities of the states are determined which was tentatively assigned previously. It was

confirmed from the spin and parity of the states belong to this band that the same structure

(νi13/2)
2 ⊗ ν(j−)

1 where j− = f5/2, p3/2, p3/2 is continued up to 39/2− spin. The tentatively

assigned negative positive parity band B8 is not well developed in the present study to infer

the nature of this band. But the non observation of any direct connecting transition from band

B8 to the νi13/2, 1-qp band raise a concern about the assignment of 3-qp (νi13/2)
3 structure to

this high spin band by the previous work [29].

More theoretical and experimental work are needed to establish the band B1, B2 and B3 as

wobbling bands in this nucleus. If confirmed, this will be the first case in which nω = 0, 1 and

2 wobbling phonon excitation would be observed. Also it will be the first of wobbling bands in

a nucleus which lies so close to both the proton and the neutron shell closure.
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Chapter 6

Deformed band structures at high spin

in 200Tl

6.1 Introduction

Nuclei with either odd proton or odd neutron near a doubly magic shell closure have proved

to be wealthy in understanding the evolution of available orbitals, responsible for the nuclear

shapes and structure of excited states in nearby nuclei. The odd-odd nuclei are known to

provide access to valuable information for the proton-neutron residual interaction. Near the

shell closure the nuclei are expected to execute single particle excitation, whereas the nuclei, in

mid shell region rather exhibits collective motions. The nuclei in between, i.e. which are few

nucleon away from the doubly magic 208Pb (Z = 82 and N = 126) are of special interest in this

regard to understand the various types of particle-core coupling and collective excitation [1,

2].The interplay of single-particle and collective excitation near a shell closure can be probed by

investigation of high spin states of nuclei with few valence nucleons outside the even-even core.

In this region the available high-j orbital comes down in energy as a function of deformation

and drives the nuclei towards deformation to posses minimum potential energy. In particular,

intrinsic states based on intruder orbitals play an important role to study the deformation-
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driving effects near a shell closure [3]. Odd mass Thallium isotope reflects the effect of single

proton on the shape and structure of the core and studied in chapter 4. The evolution of the

shapes and structures as a function of angular momentum and excitation energy in Thallium

(Tl) isotopes, with only one proton hole and odd number of neutron holes with respect to the

208Pb core, can provide valuable information about the interaction of valence particles with the

underlying core, around Z = 82.

Spectroscopy of odd-odd Tl isotopes is the subject of many recent experimental investigations.

The chain of odd-odd Tl isotopes exhibits a variety of shapes and structures, ranging from

simple low-spin single-particle excitations in 202,206Tl [4, 5], to complex configurations involving

core excitations in neutron rich 204Tl [6] near 208Pb core. Whereas with a few neutrons away

from magic shell closure, oblate deformed band structures based on intruder configuration in

190−200Tl isotopes [7, 8, 9, 10, 11, 12] have been reported. Observation of some exotic collective

structures in Thallium isotopes, like a magnetic rotational band in 194Tl [9], as well as chiral

band structures associated with the triaxial deformation in 194,195,198Tl [13, 14, 15] reported

from the studies in the recent years, also boosted up the interest of exploration for such kind

of a exotic structure in these region. For odd-odd Tl isotopes the ground state spin is 2−

corresponding to the occupation of the πs1/2 orbital below the Z = 82 spherical core and the

νp3/2 orbital below N = 126. The Ω = 9/2 projection of intruder πh9/2 orbital above the Z = 82

shell closure is accessible by the odd proton with a small oblate deformation. A remarkable

systematics of collective oblate yrast structures based on high-j proton intruder orbital πh9/2

and neutron orbital νi13/2 have been observed over a large isotopic chain of Tl nuclei, ranging

from neutron deficient 190Tl (N=109) [7] near the mid-shell to 200Tl (N = 119) [12] near the

shell closure. The configuration of these deformed band structures can be understood from

the observation of the presence of collective bands based on high-j orbitals πh9/2 and νi13/2 in

neighboring odd-A Tl (have only one valance proton) and Hg nuclei (have only one valance

neutron) respectively. But in most of those cases, high spin states beyond the first band crossing

are not investigated in detail, except in few cases, such as, in 194Tl [9, 13], 198Tl [15]. In 200Tl

only a few members of the πh9/2 ⊗ νi13/2 oblate band structure are known [12] and also in

heavier Tl isotopes beyond 200Tl, πh9/2 ⊗ νi13/2 oblate band could not be observed. As one
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moves towards N = 126 shell closure, the heavier Tl isotopes are expected to have spherical

structure and coupled states of 208Pb core with the valence particles are observed. In this

regards respect to that, 200Tl is the last nucleus in the odd-odd Thallium chain, after which the

single particle excitations take over the collective structures with increasing neutron number.

With N = 119 i.e. 7 neutrons less than the magic shell closure, thus 200Tl is thus situated on

the boundary of collective oblate deformation resulting from deformed Hg core and spherical

shape dominated by single particle excitations with respect to the 208Pb core. In addition, the

recent observations of chiral partner bands in 194Tl [13] and 198Tl [15] have generated further

interest in high spin structure of next odd-odd isotope 200Tl.

Information on the low-spin states in 200Tl come from the study of Electron-capture-decay

(EC-decay) of 200Pb [16]. Prior to the present work, the only high spin γ ray spectroscopic

information on 200Tl was known from 6Li induced fusion evaporation reaction [12], measured

using two Ge(Li) detectors. With the availability of new generation of high resolution, high

efficiency detector arrays, more complete information about the detail band structure of 200Tl

has become possible to obtain. The present thesis reports the high spin structure of 200Tl beyond

band crossing of yrast oblate structure and observation of other near-yrast band structures [17].

6.2 Experiment

The high spin states in 200Tl have been populated by the fusion-evaporation reaction

198Pt(7Li,5n) at the beam energy of 45 MeV, obtained from the BARC-TIFR Pelletron LINAC

facility at Mumbai, India. The target used was a 1.3 mg/cm2 thick 198Pt self-supporting foil

with 95.7% enrichment. Other than the dominant fusion evaporation channels resulting to

200,201Tl, significant contributions of 198,199Au and 199,200Hg residues resulting from α and t cap-

ture of 7Li beam, having (α+t) cluster structure, were observed in the present experiment. The

measurements were carried out with the Indian National Gamma Array (INGA), configured

with 15 Compton suppressed Clover HPGe detectors for the present experiment, to detect the

γ rays in coincidence as well as in singles mode. The time stamped data were acquired using a
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Digital data acquisition system developed by XIA LLC with a sampling rate of 100MHz. Fur-

ther details of this data acquisition system can be found in Ref [18]. The energy and efficiency

calibration of each detector were carried with 133Ba and 152Eu standard sources, placed at the

target position. The details of the experimental set up is described in the Chapter 3.

6.3 Data Analysis

The time stamped data obtained with the digital DAQ were sorted using the Multi pARam-

eter time-stamped based COincidence Search (MARCOS) [18] sorting program, developed at

TIFR, Mumbai as also mentioned in chapter 3. The symmetric Eγ-Eγ matrix and Eγ-Eγ-Eγ

cube were formed using a coincidence window of 400 ns and with the gain of 0.5 keV/channel

and 2keV/channel respectively. The analysis of Eγ-Eγ matrices and γ-γ-γ cube were carried

out using Radware [19] and INGASORT [20] analysis packages to obtain the coincidence re-

lationships among various transitions. The intensities and different coincidence relationships

were utilised further to construct the level scheme.

A representative coincidence spectrum corresponding to the (sum gate of) 119, 217, 230 or

348 keV gamma transitions of the yrast band in 200Tl, obtained from the Eγ-Eγ matrix, is

shown in Fig. 6.1. Most of the new transitions placed in the level scheme of 200Tl can be

identified from this coincidence spectrum. A total of 60 new transitions in 200Tl have been

assigned from the present work. As the gamma ray energies are very similar of those in the

residues arising from different incomplete fusion channels, the coincidence relationships were

mainly obtained from the double gated spectra generated from the Eγ-Eγ-Eγ cube. In this

analysis procedure, the information on yields of complete and incomplete fusion, the capture

of various cluster fragments and the particle gated gamma spectra obtained from the same

reaction previously [21], have also been utilized for the assignment of γ rays in 200Tl.

The transitions from the nuclei which were produced in the same reaction can be seen from

the Fig 6.2. The First panel is showing the total projection from the data taken with “singles”

trigger condition. Different dominated channels,like 201Tl and 200Hg which were also produced
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Figure 6.1: Spectrum of γ rays detected in coincidence with the 119, 217, 230 or 348 keV γ

transitions. (a) The lower energy part and (b) the higher energy part of the spectrum. The

new peaks observed in the present work are marked as ‘*’.

from the Lithium induced fusion reaction along with the 200Tl nuclei, are shown in different

colours. The double gates are showing the transitions corresponding to 200Tl and 200Hg respec-

tively. 200Hg mainly produced by the fusion of break up channel from the 7Li beam and almost

all the gamma transitions from the yrast band of 200Hg can be seen from Fig 6.2(c).

The information on the multipolarities of the γ rays were primarily obtained from the analysis of

the ratio of Directional Correlation from Oriented states (DCO) [22], for which an asymmetric

γ-γ matrix, with 157◦ (θ1) and 90◦ (θ2) detectors. The definition of RDCO value has been

obtained from the assymetric matrix as the definition given in Chapter 3.

The RDCO values are determined for the known E1, E2 and M1 transitions of neighboring Tl,

Hg and Au nuclei, populated in the same reaction. For example, in case of 201Tl, populated in
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Figure 6.2: (a) Total projection from the experimental data showing the transitons correspond-

ing to 200Tl, 200Hg,201Tl nuclei. Coincidence spectra corresponding to double gates of (b) 230

& 311 keV, (c) 368 & 579 keV transitions from Eγ-Eγ-Eγ cube pertaining to the yrast band of

200Tl and 200Hg respectively. ‘*’ marked transitions are newly placed in level scheme.

the same experiment, the DCO ratio values of the 423 keV (E2) and 120 keV (M1) transitions

come out as 1.92(4) and 1.04(14), respectively when gated by the known dipole(E1) transition of

785 keV. From the 652 keV quadrupole (E2) gate, DCO ratio of the 1142 keV (E1) γ-transition

comes out as 0.46(4), whereas for 443 keV (E2) transition, the value of RDCO is 0.99(4). Details

can be found in the Ref. [17]. So, in the present experimental condition, the values of RDCO
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correspond to the values for a dipole and quadrupole transitions in a pure quadrupole gate,

respectively and are shown to guide the eye. The dotted line at Y-axis is to guide the eye for

+ve and −ve values of IPDCO for electric and magnetic transitions, respectively.

come out to be ∼ 0.5 (1.0) for pure stretched dipole (quadrupole) transitions when gated with

a stretched pure quadrupole transition. On the other hand for a stretched pure dipole gate, in

the above set up the values are found to be ∼ 1.0 (2.0) for pure stretched dipole (quadrupole)

transitions. The multipolarity of various transitions in 200Tl are obtained from the deduced

DCO ratios, either from the known quadrupole gate of 659 keV (E2) and dipole gate of 358 keV

(E1) or gate of the other deduced dipole or quadrupole transitions, as shown in Table 6.1. As

a gating transition, E2 or E1 transitions have been chosen mostly (wherever possible) due to

their less mixing probabilities with higher order multipolarity.
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Figure 6.4: Angular distribution of various transitions in 200Tl obtained in the present work.

(a),(c),(e) Quadrupole transitions. (b),(d),(f) Dipole transitions.

The polarization information regarding the type (electric or magnetic) of the transitions are

determined from the Integrated Polarization Directional Correlation (IPDCO) asymmetry pa-

rameter following the prescription of Ref. [23, 24]. The definition of IPDCO asymmetry

parameter(∆IPDCO) is elaborately described in chapter 3 and has been followed to obtain the

nature of transitions in the present work. The asymmetry factor a(Eγ) as defined in Chapter

3 is the correction factor due to geometrical asymmetry of the INGA detector array w.r.t. the

target position. The a(Eγ)=N‖/N⊥ factor has been found out at different γ ray energy from

isotropic 133Ba and 152Eu radioactive sources placed at target position. For the present setup,
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this correction factor was obtained as 1.037(37) from the fitting of its variation as a function of γ

ray energy [25]. In order to find the ∆IPDCO ratio, two asymmetric Eγ-Eγ matrices correspond-

ing to parallel and perpendicular scattered events of the 90◦ Clover detectors were constructed

as described in Chapter 3. The positive and negative values of the ∆IPDCO, calculated from

the parallel and perpendicular scattering components, correspond to the electric and magnetic

transitions respectively. To verify the consistency of the polarization analysis in the present

work, the electromagnetic nature of the known transitions in 201Tl,199,200Hg, 198,199Au nuclei,

produced in the same reaction, were reproduced from the polarization measurements and the

results were found to be in well agreement with the previous results. The deduced ∆IPDCO

values for the transitions in 200Tl from the present analysis are given in Table 6.1. The DCO

ratio and ∆IPDCO of various known and new transitions are also shown in a separate plot in

Fig. 6.3.

For a stretched (I= Ji - Jf , Ji and Jf being the spin of initial and final states and I is the

multipolarity of the emitted transition) pure transition, a unique multipolarity and parity of

the corresponding state can be assigned from the measurement of RDCO and ∆IPDCO. But, in

case of non-stretched (I < Ji - Jf) or mixed transitions, the angular distribution of individual

transition along with the polarization measurement is advantageous. The calculated angular

distribution coefficients and polarization for different mixing ratio (δ) for various possible spin

sequences also need to be compared with the experimental values in order to assign the spin-

parity of the corresponding state. For this purpose, the data set taken in singles mode in

different angles were fitted with the Legendre polynomial(as described in Chapter 3. Eq.

1.12) to obtain angular distribution of the γ rays, corrected by the detector efficiency for

corresponding angle. Angular distribution of some of the known as well as new transitions in

200Tl are shown in Fig. 6.4. Multipolarities of various transitions have been deduced on the

basis of both RDCO values and angular distribution, wherever possible.
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Figure 6.6: Coincidence spectra corresponding to double gates of (a) 348 & 278 keV, (b) 348 &

311 keV, (c) 1076 & 278 keV transitions from Eγ-Eγ-Eγ cube pertaining to the band B1 and

B3 in 200Tl. ‘*’ marked transitions are newly placed in level scheme.

6.4 Results

Fig. 6.5 represents the level scheme of 200Tl, obtained from the present work. The construction

of the level scheme of 200Tl is based on coincidence relations of the transitions, intensity balance
153
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Figure 6.7: Coincidence spectra corresponding to double gates of (a) 734 & 192 keV, (b) 790

& 192 keV, (c) 192 & 192 keV corresponding to the transitions from Eγ-Eγ-Eγ cube of band

B1 and B2 in 200Tl. ‘*’marked transitions are newly placed in level scheme.

of each levels, RDCO, ∆IPDCO values and angular distribution measurements. The transitions

up to 2548.1 keV (14−) level, except a few crossover E2 transitions, in the yrast band B1
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and transitions up to 1173.7 keV level in band B4 were only known from the previous work

by Kreiner et. al. [12]. The present level scheme significantly extends the yrast band (B1)

compared to earlier work [12] as well as several new band structures (B2, B3 and B4) has

been observed. Few new discrete excitate levels have also been observed. A total of 60 new

transitions in 200Tl have been identified and placed in the level scheme, which are marked with

asterisks in Fig. 6.5. The energies, relative intensities of the γ rays and assigned spin-parity

of various levels placed in the level scheme of 200Tl from the present work are tabulated in

Table 6.1, along with other relevant quantities. The band sequences B2, B3 are completely

new and reported for the first time in the present work. The existence of band B3 and the

various connecting transitions between band B1 and B3 can be seen from Fig. 6.6(a-c). The

Fig. 6.7(a-c) represents the cascade and parallel sequences pertaining to the new transitions of

band B1 reported in the present work. Various new transitions in band B4 and the coincidence

relationships among them are represented in Fig. 6.10(a-c).

The band B1 has been extended with the observation of a sequence of new M1+E2 transitions

of 478, 312, 327, 192 (doublet), 271 and 286 keV and some of the crossover E2 transitions up

to spin (22−) as shown in Figs. 6.1 and 6.6(b). Placement of a doublet 311-312 keV transitions

in the level scheme (Fig. 6.5) could be verified from the existance of another 311(or 312) keV

transition in the double gate of 348 & 311 keV and 230 & 311 keV, as shown in Fig. 6.6(b) and

Fig. 6.2(b) respectively. Individual intensities of the doublet(311 and 312) have been obtained

from their intensities in 490 and 659 keV gates respectively, after proper normalization. Beyond

2548.1 keV (14−) state few parallel branches have been observed . The 734 keV and 790 keV

transitions are parallel to each other as they are not in coincidence. The placement of 478-

312 keV and 416-374 keV cascades in parallel to 790 keV transition were established from the

coincidence spectrum of 790 keV and 192 keV in fig. 6.7(b). 192 keV transition is present

in coincidence with 517, 519, 734 and 790 keV as well as in self coincidence. The presence

of cascades 734-192-191 keV and 790-192-192 keV are evident from the double gates shown

in Fig. 6.7(a-c). The above observations point towards the multiple placements of 192 keV

transition and they are place adjacently from different facts. From Fig. 6.7(a) and (b) it is clear

that 790 and 734 keV select parallel cascades with two different transitions of nearby energies
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of 519 and 517 keV respectively. The separate sets of levels, connected by 734 keV to the band

B1 is identified as a separate band structure B2. Fig. 6.7(c) shows that 192-192 keV cascade

is in coincidence with both 734 and 790 keV transitions but not with either of 517 or 519 keV

transitions. Thus the only possibility to place the second (and third) 191(192) keV transition

is in parallel to 517(519) keV. The presence of 327 and 326 keV transitions in coincidence with

790 and 734 keV in fig. 6.7(b and a) respectively confirm the placement of 327-192 keV and

326-191 keV cascades in parallel to 519 (band B1) and 517 keV (band B2) respectively, as

shown in Fig. 6.5. The 734 and 790 keV transitions are found to be of pure E2 nature from

their RDCO and ∆IPDCO measurements, as clearly seen from Fig. 6.3 and Table 6.1. Thus, the

RDCO and ∆IPDCO of 517 and 519 keV transitions were found to be M1 and E2 character from

respective coincidence spectra of 734 and 790 keV (E2)transitions. The presence of 191 keV

γ ray in the double gate of 734 & 192 keV supports the placement of an unobserved (due to

high threshold of 50 keV) 57 keV low energy transition between 3856.8 and 3799.5 keV levels.

The band B1 and band B2 are connected to each other via various transitions like 575 keV and

686 keV transition which can be verified from the coincidence double gate of 734 & 192 keV in

fig. 6.7(a) and 348 & 311 keV in fig. 6.6(b) respectively. The RDCO and ∆IPDCO of 192 keV,

placed between 4048.8 and 3856.8 keV levels could be found from 519 keV (E2) gate, as only this

particular 192 keV uniquely is in coincidence with 519 keV transition. The 192-327 keV cascade

was found to be very weak and assumed to be of (M1+E2) character as their multipolarities

could not be deduced directly from RDCO measurements. The intensities of γ rays placed in

the level scheme above 4048.8 keV state of band B1 were relatively weak. All newly placed 271,

436, 707 keV transitions above 4048.8 keV level Other than 286 keV transition (which can be

confirmed from added double gate of various transitions) can be seen in the coincidence double

gate 192 & 192 keV in fig. 6.7(c). The placement of few discrete levels have been established

from the coincidence relations in the present work, decaying through 971, 997 and 1368 keV γ

rays, parallel to each other, connecting to the 1659.3 and 1889.1 keV levels respectively of the

band B1. Details of the analysis can be found in Ref. [17]
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Table 6.1: The energies (Eγ) and relative intensities (Iγ)

of the γ rays placed in 200Tl along with the spin and

parity of the initial (Jπ
i ) and the final (Jπ

f ) states and

the energy of the initial state (Ei). The measured val-

ues of RDCO and ∆IPDCO are also shown along with the

proposed multipolarities of the γ rays.

Eγ Ei Jπ
i → Jπ

f Iγ(Err)
1

RDCO ∆IPDCO Deduced

(in keV) (in keV) (Err) (Err) Multipole.

(3.4)
2

1247.4 (8−) → (9−) - - - (M1+E2)

(16.5)
2

1892.5 (11+) → (10+) - - - (M1+E2)

(56.7)
2

3856.8 18− → (17−) - - - (M1+E2)

(56.3)
2

3313.4 14+ → 13+ - - - (M1)

76.1(1) 1323.0 9− → 8− - - - (M1+E2)

93.1(3) 3313.4 14+ → 15+ 2.04(51) - - (M1)

104.4(2) 4032.6 18+ → 17+ 2.19(9) 0.99(18)
3

- M1+E2

119.2(1) 1442.1 10− → 9− 19.36(96) 1.11(3)
3

- M1

132.4(1) 886.0 8+ → 7+ 10.79(54) 1.30(3)
3

- M1+E2

157.3(1) 3928.2 17+ → 16+ 4.53(17) 0.91(14)
3

- M1

175.7(1) 1892.5 (11+) → (10+) 10.56(45) 0.75(12)
4

- (M1+E2)

179.2(1) 2071.7 12− → (11+) 11.92(48) 0.82(8)
4

- (E1)

179.8(1) 3770.9 16+ → 15+ 2.88(14) 1.08(7)
3

- M1+E2

191.0(1) 3799.5 (17−) → 16− - 0.55(4)
5

- (M1)

192.0(2) 3856.8 18− → 17− 3.40(19) - - (M1+E2)

192.0(1) 4048.8 19(−) → 18− 12.62(66) 0.58(1)
6

- (M1+E2)

194.7(1) 1442.1 10− → 8− 2.06(33) - - (E2)

196.0(1) 2634.0 (−) → (12+) 1.58(22) - - (-)

211.0(2) 5038.7 (−) → (21−) 0.70(15) - - (M1+E2)

213.0(2) 754.0 7+ → 4− - - - E3
9
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Table 6.1: Continued...

Eγ Ei Jπ
i → Jπ

f Iγ(Err)
1

RDCO ∆IPDCO Deduced

(in keV) (in keV) (Err) (Err) Multipole

217.0(2) 541.0 4− → 3− - - - M1
9

217.2(1) 1659.3 11− → 10− 66(3) 0.42(3)
7

-0.06(3) M1+E2

220.4(1) 1244.0 9− → 7− - 0.84(17)
7

0.35(2) E2

221.0(1) 762.0 6+ → 4− - - - (M2)

229.8(1) 1889.1 12− → 11− 51(2) 0.46(1)
7

-0.04(2) M1+E2

246.2(1) 4898.3 (21+) → (20+) 3.57(12) 1.08(22)
3

-0.32(14) (M1+E2)

256.0(1) 3282.1 16− → 15− 3.34(25) 0.47(7)
7

-0.15(8) M1

261.7(1) 4032.6 18+ → 16+ 1.53(13) - 0.06(9) (E2)

261.6(1) 1023.6 7− → 6+ - 0.49(7)
7

0.12(9) E1

271.2(3) 4320.0 20(−) → 19(−) 0.93(3) 0.33(4)
6

- (M1+E2)

278.0(1) 3591.4 15+ → 14+ 7.48(25) 0.76(5)
3

-0.07(5) M1+E2

278.0(1) 4652.1 (20+) → 19+ 1.12(17) - - (M1+E2)

285.5(1) 5183.3 (22+) → (21+) 1.80(11) - -0.08(15) (M1+E2)

285.7(1) 5041.5 22(−) → 21(−) 0.99(19) 0.40(5)
6

-0.06(2) M1+E2

287.7(1) 1173.7 8+ → 8+ 56(1) 1.33(5)
4

0.13(7) M1 + E2

310.7(1) 2548.1 14− → 13− 31(2) 0.47(2)
5

-0.05(2) M1

311.7(1) 3337.8 16− → 15− 3.78(32) 0.39(4)
7

- (M1+E2)

324.0(3) 324.0 3−→ 2− - - - M1
9

326.0(2) 1349.6 (8−)→ 7− - - - (M1+E2)

326.4(1) 3608.4 16−→ 16− 1.61(16) 0.58(4)
5

-0.02(9) M1+E2

327.0(2) 3664.8 (17−)→ 16− 0.34(7) - - (M1+E2)

336.3(3) 1659.3 11−→ 9− 2.51(33) 0.89(13)
7

- E2

337.0(4) 3928.2 17+→ 15+ - - - (E2)

341.5(1) 4374.1 19+→ 18+ 9.40(14) 0.77(13)
3

-0.15(17) M1

348.3(1) 2237.4 13−→ 12− 50(1) 0.72(1)
3

-0.04(2) M1+E2

358.1(1) 1244.0 9−→ 8+ 36.83(67) 0.60(2)
7

0.09(3) E1
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Table 6.1: Continued...

Eγ Ei Jπ
i → Jπ

f Iγ(Err)
1

RDCO ∆IPDCO Deduced

(in keV) (in keV) (Err) (Err) Multipole

373.9(1) 2922.0 15−→ 14− 7.48(38) 0.44(4)
7

-0.04(4) M1+E2

384.0(1) 1733.6 (9−)→ (8−) - - - (M1+E2)

412.4(1) 2071.7 12−→ 11− 10.12(53) 0.84(20)
3

-0.10(4) M1

415.8(1) 3337.8 16−→ 15− 4.93(35) 0.48(4)
6

-0.11(7) M1

420.0(1) 1173.7 8+→ 7+ 23.21(61) - 0.02(3) M1+E2

435.8(1) 4755.8 21(−)→ 20(−) - - - (M1)

447.0(2) 1889.1 12−→ 10− 10.49(51) 1.07(8)
7

0.05(4) E2

457.3(8) 3770.9 16+→ 14+ 1.95(9) - - (E2)

478.0(1) 3026.1 15−→14− 6.74(49) 0.30(2)
7

-0.03(3) M1+E2

490.4(1) 1244.0 9−→7+ 100(4) 1.01(2)
7

-0.10(2) M2

492.4(1) 3337.8 16−→ (14−) 2.34(18) 0.86(14)
6

- (E2)

493.8(7) 1247.4 8−→ 7+ 5.89(69) - - (E1)

517.4(1) 3799.5 17−→ 16− 2.64(14) 0.39(8)
5

-0.18(7) M1+E2

519.1(1) 3856.8 18−→ 16− 13.86(58) 0.82(4)
8

0.14(4) E2

541.0(4) 541.0 4−→ 2− - - - E2
9

543.1(1) 1716.7 (10+)→ 8+ 19.77(45) 1.29(19)
4

0.06(4) (E2)

562.0(3) 2438.0 (12+)→ (10+) 5.73(17) 1.20(17)
4

- (E2)

565.9(3) 3114.0 (−)→ 14− 3.59(43) - - -

574.7(2) 3856.8 18−→ 16− 1.36(38) 0.70(11)
5

- (E2)

578.3(2) 2237.4 13−→ 11− 13.43(63) 1.87(15)
3

0.14(5) E2

619.5(3) 4652.1 (20−)→ 18− 1.98(9) - 0.12(2) (E2)

659.0(1) 2548.1 14−→ 12− 20.42(78) 1.02(9)
8

0.14(4) E2

686.4(1) 3608.4 16−→ 15− 2.93(30) 0.73(11)
7

-0.10(5) M1+E2

702.2(2) 1876.0 (10+)→ 8+ 15.24(78) 0.92(11)
4

0.11(5) (E2)

707.2(3) 4755.8 21(−)→ 19(−) 1.57(51) 1.44(25)
6

0.05(11) E2

734.4(2) 3282.1 16−→ 14− 10.18(53) 0.85(5)
7

0.08(4) E2
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Table 6.1: Continued...

Eγ Ei Jπ
i → Jπ

f Iγ(Err)
1

RDCO ∆IPDCO Deduced

(in keV) (in keV) (Err) (Err) Multipole

742.0(2) 2813.7 (−)→ 12− 2.80(89) - - (E2)

773.4(2) 3799.5 (17−)→ 15− 1.13(17) - 0.07(3) (E2)

773.8(2) 2845.4 (14−)→ 12− 1.07(9) 1.60(55)
6

- (E2)

778.8(2) 4827.6 21(−)→ 19(−) 2.19(22) 1.35(28)
6

- (E2)

789.7(1) 3337.8 16−→ 14− 16.88(72) 0.85(6)
7

0.15(4) E2

909.4(2) 4958.2 21(−)→ 19(−) 1.85(20) 0.85(7)
6

- (E2)

971.0(2) 2630.3 (12−)→ 11− 1.85(17) - -0.21(10) (M1)

982.9(2) 3220.3 15+→ 13− 5.82(36) 1.82(19)
3

-0.17(4) M2

997.3(2) 2886.4 (14+)→ 12− 2.42(20) 1.78(59)
3

-0.14(11) (M2)

1076.2(2) 3313.4 14+→ 13− 6.97(40) 0.95(10)
3

0.05(4) E1

1368.1(2) 3257.1 13+→ 12− 4.23(28) 1.03(13)
3

0.06(5) E1

The coincidence of all transitions of band B1 with 490 keV transition (decaying from 1244.0 keV

level) confirms the connection of the 1244.0 keV level with band B1. This is evident from the

coincidence spectrum of Fig. 6.1, obtained from γ-γ matrix and the double gates shown in

Fig. 6.6 and Fig. 6.7. However, the absence of 494 keV from the coincidence gate of 490 keV

1Relative γ ray intensities are estimated from

prompt spectra and normalized to 100

for the total intensity of 490.4-keV γ ray.
2Unobserved transitions
3From 358.1 keV (E1) DCO gate;
4From 132.4 keV (M1+E2) DCO gate;
5From 734.4 keV (E2) DCO gate;
6From 519.1 keV (E2) DCO gate;
7From 659.0 keV (E2) DCO gate;
8From 789.7.0 keV (E2) DCO gate;
9Adopted from Ref. [12]
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it was also confirmed that 1244.0 and 1247.4 keV levels must be connected by an unobserved

3 keV transition, as also reported in Ref. [12]. In the present work, the spin-parity of 1244.0 keV

level with a half life of 4.8 ns has been determined as 9−, in contrast to the assignment of 7−

by Kreiner et al. [12].
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Figure 6.8: a) Different values for DCO ratio for possible spin sequences of 490 keV transition

as a function of mixing ratio delta(δ) in a quadrupole 659 keV(E2) transition. b) χ2(δ) analysis

of DCO ratio of 490 keV transition as a function of arctan(δ).
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The assignment of spin-parity as 9− to the 1244.0 keV level was based on the DCO ratio and

polarization measurements of the decaying 490 keV transition along with the detail analysis of

angular distribution data. The DCO ratio of 490 keV transition was obtained from the 659 keV

pure E2 gate, as the other dipole transitions below 659 keV in band B1 have mixing of higher

multipolarities. The DCO ratio value 1.01(2) of 490 keV transition from 659 keV gate results

into a quadrupole character of 490 keV transition. The 230 keV transition in the same cascade

of band B1 was found to be of predominantly M1 character from its DCO ratio in 659 keV

gate. So the DCO ratio of 490 keV transition was also cross checked from the gate of 230 keV

and a value of 2.00(2) was obtained, which also indicate the quadrupole character of 490 keV

transition. The measurement of ∆IPDCO of 490 keV transition clearly indicates the 490 keV

to be of magnetic character. The values of DCO ratio and ∆IPDCO of 490 keV fall in the M2

region in Fig. 6.3. The quadrupole nature of 490 keV is also evident from the independent

measurement of its angular distribution data, obtained in singles mode, as shown in Fig. 6.4(e).

490 keV transition decays to the isomeric level 753.6 keV with fixed 7+ spin and parity.

Since the spin-parity assignment of the 1244.0 keV level is very much dependent on the nature

of 490 keV transition, the conclusion about the multipolarity and type (E or M) of 490 keV

transition, was obtained by comparing the above experimental data related to 490 keV with

various calculations. Depending on the initial state (1244.0 keV) spin and parity different DCO

ratio values can be obtained for different possible multipolarity considering mixing delta δ of

the 490 keV transition with higher multipolarity. The Different DCO ration value for 490 keV

for three possible spin sequences of 7 to 7, 8 to 7 and 9 to 7 have been calculated using the

code ANGCOR [26] and considering the multipolarity and spin sequence of all the intermediate

transitions between 490 keV and the gateing transition 659 keV and shown in fig. 6.8(a). The

DCO ratio with different mixing δ indicate the experimental value to match with 9 to 7 spin

sequence for lower delta mixing. For a conclusive result, the chi square minimization calculation

[27] has been done and showed in the fig. 6.8(b). It has been established that (9 to 7 transition)

quadrupole corresponds to minimum chi-square value of 0.06 with a lesser mixing ratio than

the other possible multipolarity.
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Figure 6.9: χ2(δ) analysis of angular distribution and polarization of 490 keV transition.

To verify further, and have a conclusive assignment of the spin parity of 1244.0 keV level

the polarization (P) and angular distribution coefficients (a2, a4) were calculated [28] for Jπi

to Jπf cases of 7− to 7+, 8− to 7+ and 9− to 7+ for various mixing ratios δ. A similar χ2

(δ) analysis [27] of the present data considering both angular distribution and polarization

measurements of 490 keV transition was then carried out and is shown in Fig. 6.9. It can be

seen that the χ2 values of 7.45, 76.12 and 1.46 are obtained for 7− to 7+, 8− to 7+ and 9− to 7+

respectively, resulting into a minimum χ2 for the case of 9− to 7+ with lowest mixing ratio (δ).

With the above analysis, it was concluded that the 9− to 7+ assignment to 490 keV transition is

the most probable one and therefore a spin-parity of 9− was assigned to 1244.0 keV level. The

9− assignment to 1244.0 keV level is also consistent with the Weisskopf estimate of half-life of

32 ns for this level in comparison with the reported measured half-life of 4.8 ns. The 220 keV

transition, decaying out from this 1244.0 keV level and 262 keV transition, following the 220

keV transition were found to be of E2 and E1 character, respectively, from the present measured

values of RDCO and ∆IPDCO. Thus, the spin-parity assignment of 762.0 and 1023.6 keV levels
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were also modified as 6+ and 7− respectively, compared to previous work [12]. The multipolarity

of 221 keV transition between 762.0 and 540.9 keV levels could not be determined in this work

because of the 330 ns lifetime of the 762.0 keV level. However, the assignment of spin-parity

of 6+ to 762.0 keV level fixes the nature of 221 keV transition as M2 type. The Weisskopf

estimate of a half-life of 1.77 µsec for this transition also corroborates well with the measured

half-life of 0.33 µsec of this 762.0 keV level. This fact is further consistent with the assignment

of spin-parity of 9− to the 1244.0 keV level. The halflife of the level 1244.0 keV is 4.8ns which

is now well reproduce from the Weisskopf estimation for the transition 9− to 7+ as 32 ns. All

the weisskopf estimated half-lives for the previously assigned and presently assigned spin-parity

of the level have been tabulated in Table 6.2. All the calculated half-lives considering the new

level scheme is matching with the experimental results.

Table 6.2: The comparison of the experimental half lives

(T1/2) of different levels of 200T l with Weisskopf estima-

tion from single particle structure according to the pre-

viously assigned and newly proposed spin-parity of the

levels.

Transitions Previous Weisskopf Proposed Weisskopf Expt.
1

(keV ) (Ji → Jf) T1/2 prev. (Ji → Jf) T1/2 present T1/2

213 7+ → 4−(E3) 25 ms 7+ → 4−(E3) 25 ms 25 ms

490 7− → 7+(E1) 1.7 fs 9− → 7+(M2) 32 ns 4.8 ns

220 7− → 6+(E1) 18.5 fs 9− → 7−(E2) 15 ns 4.8 ns

221 5+ → 4−(E1) 18.5 fs 6+ → 4−(M2) 1.77µs 0.33 µs

1Experimental half lives are taken from the Ref. [12].
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The double gates shown in Fig. 6.6 establish the presence of a band B3, connected to the main

yrast band B1 at 2237.4 keV (13−) level, by 983 and 1076 keV transitions. From fig. 6.6(a) and

(b) it can be clearly seen that all the transitions of band B3 are in coincidence with 348 keV

transition of band B1, but not with the other higher spin members of the band B1 beyond

2237.4 keV level. The connections of band B3 and band B1, i.e., 983 and 1076 keV transitions

can be seen from Fig. 6.6(a) and all other coincident transitions of band B3 are evident from

the double gate of 1076 & 278 keV, shown in Fig. 6.6(c). The double placement of 278 keV

γ ray is also clear from this spectrum as another 278 keV transition is seen in coincidence.

The intensities of 278 keV doublet were estimated by subtracting the intensity of 278 keV

transition in the gate of 619 keV from the total intensity with proper normalization. The

relative placements and coincidence relationships of the observed transitions of band B3 are

checked from gated spectra corresponding to various γ rays. The top most transitions in both

band B1 and band B2 is of same energy, 286 keV. The presence of both the transitions in

different branch (B1 and B2) can be seen, comparing the double gate of 790 & 192 keV and

1076 & 278 keV in fig. 6.6(c) and in fig. 6.7(b) respectively. These two double gates are selecting

two different path but both have 286 keV in coincidence. The 1076 keV transition is found to

be of E1 type from RDCO and ∆IPDCO measurements, as shown in Table 6.1, which fixes the

parity of the new band B3 as positive. The 983 keV transition is found to be of quadrupole

character from the RDCO measurements as well as from angular distribution. The quadrupole

nature of 983 keV along with its measured ∆IPDCO make it a M2 type transition. RDCO and

∆IPDCO ratio for the low energy 93 keV transition cannot be found but its assignment is fixed

by determining the spin-parity of 3313.4 and 3220.3 keV levels.

The band (B4) is also extended up to an excitation energy of 2634.0 keV. The 132 and 288 keV

transitions of this band and the 420 keV crossover transition, were known from previous

work [12]. In Ref. [12], a 176 keV γ ray was also placed above 1173.7 keV level, but in

the present work two γ rays with close-by energies of 176 and 179 keV have been observed

and placed in the level scheme from the intensity balance and coincidence relationships of the

transitions in band B4. From Fig. 6.10(a) and (b), it is also evident that two parallel branches

starting with 543 keV and 702 keV transitions are present above 1173.7 keV level as none of
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them were seen in coincidence to each other. The 702 keV transition is in coincidence with

only 179 keV, but the 543 keV transition is in coincidence with both 176 and 179 keV. The

observation of 179 keV in the double gate of 420 & 702 keV (Fig. 6.10(a)), establishes the pres-

ence of a 16 keV unobserved transition from 1892.5 keV to 1876.0 keV level. The spin-parity of

886.0 keV level of band B4 was fixed as 8+ from the fact that 358 keV E1 transition decays to

this level from 1244.0 keV (9−) level of the band B1. The 132 keV transition between 886.0 (8+)

and 753.6 (7+) keV states was found to be a (M1+E2) transition from the DCO ratio analysis,

though the ∆IPDCO could not be determined for this low energy transition, as it did not have

significant scattering to the neighboring crystal of the Clover detectors. The angular correlation

was also calculated using the code ANGCOR [26] to compare with the experimental DCO ratio

value which suggests 132 keV transition to be of mixed multipolarity. For 420 keV transition,

as it is not in coincidence with any of the known pure transitions, its DCO ratio could not

be determined. But the angular distribution of 420 keV transition suggests it to be of dipole

nature and the ∆IPDCO value indicates a mixed nature of this transition. Thus the spin-parity

of the 1173.7 keV has been assigned as 8+ and 420 keV are determined to have a mixed M1+E2

nature. Angular distribution of 288 keV transition suggests it to be of quadrupole nature, but

the spin of 1173.7 keV transition makes it to be a non-stretched M1+E2 (8+ to 8+) transition.

The tentative spin-parity of the other levels in band B4 have been determined from the RDCO

values of the 702, 562, 543 and 176 keV transitions from 132 keV gate. Though 132 keV

transition is found to be of mixed (M1+E2)type, but the RDCO values of the 702, 562, 543

and 176 keV transitions in 132 keV gate was compared with the theoretical angular correlation

calculation taking into account the mixing of the gating transition 132 keV. The estimation

of the mixing of the transition 132 keV has been done comparing the DCO ratio value of

132 keV in the gate of 659 keV using the ANGCOR code. The ∆IPDCO for none of the above

transitions could be obtained due to their weak intensities. Thus the spin-parity of band

B4 above 1173.7 keV was assigned tentatively. The coincidence relationships among various

transitions of band B4 and band B1 establish 179 keV as the connecting transition between

1892.5 keV (11+) level of band B4 to the 2071.7 keV (12−) level, which is in turn connected to

the main band B1 by a 412 keV (M1+E2) transition. This leads 179 keV as of E1 character.
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Figure 6.10: Coincidence spectra corresponding to double gates of (a) 420 & 702 keV, (b) 420

& 543 keV, (c) 132 & 288 keV transitions corresponding to the band B4 in 200Tl.

The band B4 is also connected to the band B1 at 3337.8 keV level by 774 keV and 492 keV

transitions in cascade. The presence of 492 keV transition could be established from the double

gate of 519 keV (of band B1) & 288 keV (of band B4)(not shown). As the spin-parities of

3337.8 keV and 2071.7 keV levels are fixed as 16− and 12− respectively, thus the 492 and

774 keV transitions between these two levels are assigned as E2. This is also corroborated by

167



the DCO ratio of these two transitions, as shown in Table 6.1, though the ∆IPDCO of 492 keV

and 774 keV transition could not be measured because of their weak intensities.

6.5 Discussion

The proton and the neutron Fermi levels in 200Tl lie just below the Z = 82 and N = 126

spherical shell closure, with one proton and seven neutrons removed from the closed shell.

For the odd proton, the shell model positive parity s1/2, d3/2 and negative parity h9/2 orbitals

are available and indeed the configuration of the ground and the first excited states in the

neighboring odd-A Tl isotopes are known to be as 1/2+ and 3/2+ respectively. For the odd

neutron hole, the negative parity orbitals p1/2, p3/2 and f5/2 are available to generate the low

spins, whereas, the unique positive parity high-j i13/2 orbital comes into play at higher spins.

Thus for the odd-odd 200Tl, the low spin states will have negative parity with configuration

resulting from the above orbitals for odd proton and odd neutron holes [16]. The 2− ground

state and low-lying 3− and 4− states in 200Tl are obtained from the πs1/2⊗νf5/2 and πd3/2⊗νf5/2

configurations. The 7+ isomeric state observed in the odd-odd Tl isotopes, has the dominant

configuration of πs1/2 ⊗ νi13/2 coupled to a weakly deformed oblate core of 198Hg. This isomer

is a spin gap isomer with involvement of high-j νi13/2 orbital, whereas the below states are

generated from orbitals with small j value (νf5/2). The low-lying 6+ state at 762.0 keV is also

likely to have the same configuration. In 198Tl, this 6+ state is known at similar excitation

energy of 674 keV [11].

6.5.1 Band B1

With the available orbitals below Z = 82 shell closure, the deformation driving intruder h9/2

orbital also becomes available for the odd proton in Tl isotopes for oblate deformation. Band

structure with collective features having intrinsic configuration of πh9/2 ⊗ νi13/2 have been

observed in all odd-odd Tl isotopes in A = 190 − 200 mass region. Isomeric states based on

πh9/2 configuration in 199Tl and on νi13/2 configuration in 199Hg are known at the excitation
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energies of 748.9 keV and 532.5 keV, respectively [30, 31] and for both the cases oblate band

structures have been identified based on those configurations. In the case of 200Tl, the odd

proton and odd neutron are coupled with 198Hg core and the excited state corresponding

to 0+(198Hg)⊗πh9/2 ⊗ νi13/2 configuration is, therefore, expected at an excitation energy of

(748.9 + 532.5 =)1281.4 keV. The excitation energy of the 8− band head of the observed band

structure (B1) has been found to be at 1247.4 keV, which is in very good agreement with the

expected energy of the above configuration. Therefore, the band B1 is identified to have the

intrinsic configuration πh9/2 ⊗ νi13/2.
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Figure 6.11: Alignment plot for the πh9/2 ⊗ νi13/2 bands in odd-odd Tl isotopes. The level

energies of same bands of 194−198Tl are taken from Ref [9, 10, 15] respectively. The Harris

reference parameters are taken as J0 = 8~2MeV −1and J1 = 40~4MeV −3.

The aligned angular momentum, ix as described in chapter 2. is a quantity that extends the

understanding of the collectivity of a nucleus. To understand the collective features and band

crossing in 200Tl ix has been plotted as a function of rotational frequency in Fig. 6.11 for the
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yrast πh9/2 ⊗ νi13/2 bands in 200Tl along with the neighbouring odd-odd Thallium isotopes

from 194Tl to 198Tl. This figure shows that the first band crossing for the πh9/2 ⊗ νi13/2 band

(band B1) in 200Tl takes place at a rotational frequency of ~ω = 0.34 MeV. The gain in

alignment for 200Tl after the first crossing is about 7~. The crossing frequency and the gain in

alignment in 200Tl are very much similar to those in the lighter odd-odd isotopes of Thallium

as shown in Fig. 6.11. The high alignment gain indicates the involvement of a high-j orbital, in

which a pair of nucleon breaks the pairing and their angular momenta contribute in the total

angular momentum. The band crossing in the lighter Thallium isotopes are attributed to the

alignment of a pair of neutrons in the i13/2 orbital, which seems to be the case for 200Tl as

well. The similarities in the alignment gain and frequencies show that the collective rotational

nature of the πh9/2 ⊗ νi13/2 band for the lower mass Tl isotopes still persists for 200Tl, having

similar deformation.

The alignment gain due to proton and neutron in an odd-odd nucleus can be interpreted from

the systematics of the neighboring odd-proton and odd-neutron nuclei. The alignment for 199Tl

which has only one odd proton hole (no odd neutron) along with those for different bands in

200Tl(one extra odd neutron with respect to 199T l) are shown in the Fig.6.12 to understand the

alignment in 200Tl. It can be seen from the figure that the initial alignment of band B1 in 200Tl

is about 5.5~ higher than the initial alignment in 199Tl. The extra alignment in 200Tl is due to

the odd-neutron in the i13/2 orbital. The large difference in the alignment (ix) indicates that the

odd-neutron must lie in the low-Ω orbital of i13/2. From the Nilsson diagram one can see that it

is true for oblate deformation as ν1/2+[660] and ν3/2+[651] Nilsson orbitals are situated near

the neutron Fermi level of 200Tl at an oblate deformation of ǫ ∼ 0.1. In the present work, the

band B1 has been extended to higher spins beyond the first band crossing, similar to recently

observed high spin structure in 194Tl [13].

The Kinematic Moment of Inertia(KMI) for the yrast πh9/2 ⊗ νi13/2 band (band B1) has been

plotted in Fig. 6.13as a function of rotational frequency (~ ω). The KMI of 200Tl along with

the other odd-odd Thallium nuclei show similarity like the alignment plot, which represents

that the Moment of Inertia(MoI) for all of the nearby even mass Thallium nuclei are almost

similar. The KMI first decrease rapidly with frequency and then become almost constant. As
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Figure 6.12: Alignment (ix) as a function of rotational frequency (~ω) for the bands in 200Tl.

The same for the 9/2− band in the odd-proton nucleus 199Tl is also shown. The Harris reference

parameters are taken as J0 = 8~2MeV −1and J1 = 40~4MeV −3.

already observed from Fig. 6.11 the band crossing appears for all Thallium isotope at frequency

around 0.34 ~ also reproduce in the Fig. 6.13 at same frequency. A sudden rise in KMI after

0.34 ~ represent a increase in the MoI in the system due to the pair breaking and contribution

of extra two nucleon in the total angular momentum. The total energy of the system remains

same but due to the increase in the MoI the rotational frequency has a decreasing value.

The energy staggering, defined by, S(I) = [E(I)− E(I − 1)]/2I, where, E(I) is the energy of

the state with spin I, is plotted as a function of spin (I) for the band B1 in Fig. 6.14, along with

the same bands in neighbouring odd-odd 194−198Tl nuclei. It can be seen from this figure that

the S(I) of all odd-odd Tl isotopes show remarkable similarity including the low spin signature

inversion at 11~. This signature inversion was interpreted [7] as due to the J-dependence of
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Figure 6.13: Kinematic Moment of Inertia (KMI) plot for the πh9/2 ⊗ νi13/2 bands as a

function of frequency in odd-odd Tl isotopes. The level energies of same bands of 194−198Tl

are taken from Ref [9, 10, 15] respectively. The Harris reference parameters are taken as

J0 = 8~2MeV −1and J1 = 40~4MeV −3.

the residual p-n interaction. The similarities in the staggering plot indicates no appreciable

change in the residual p-n interaction in the Tl isotopes even for neutron number as large as

N = 119. It can be seen that they start to behave differently after the neutron pair alignment.

However, all of them, except 194Tl, show a second inversion at the similar spin of about 19~.

As the level scheme of 200Tl has been extended further in this work, it can observed that this

second inversion is recovered quickly and follows the trend as in lighter isotope 194Tl.

In support of the assignment of two quasi-particle (qp) configuration πh9/2 ⊗ νi13/2 to band

B1 before band crossing and the four quasi-particle configuration πh9/2 ⊗ νi−3
13/2 due to the

alignment of pair of neutron in i13/2 orbital after the band crossing, comparison of experimental

B(M1)/B(E2) values (i.e. the ratio of the transition probability of the decaying M1 and E2
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Figure 6.14: Staggering (S(I) = [E(I) − E(I − 1)]/2I) plot for the πh9/2 ⊗ νi13/2 bands in

odd-odd Tl isotopes. Data for 194−198Tl are taken from Ref [9, 10, 15] respectively.

transition from same level) of the levels belong to band B1 with the theoretical ones has

been done. These calculation satisfactorily reproduce the experimental result with the above

assignments. The theoretical B(M1) and B(E2) values were calculated using the geometrical

model following the prescription of Ref. [29]:

B(M1; I → I − 1) =
3

8π
[(gp − gR)A+ (gn + gR)B]2(µ2

N), (6.1)

A = (1− K2

I2
)1/2Ωp − ip

K

I
(6.2)

B = (1− K2

I2
)1/2Ωn − in

K

I
(6.3)

B(E2; I → I − 2) =
5

32π
Q0

2cos2(γ + 30o)× (1− K

I − 1
)2(e2b2) (6.4)
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The gp(n), ip(n) and Ωp(n) in Eq. 6.1- 6.3 represent the g-factor, alignment and angular mo-

mentum component on the symmetry axis for proton(neutron) respectively. For the calculated

B(M1)/B(E2) in Fig. 6.15, the values for K=6, ip=1.5 and in=6.5 were taken from the band

properties of neighboring odd-A nuclei. The values for gp, gn and rotational g-factor were taken

as 0.86, -0.16 and 0.3, respectively from Ref. [7] and assumed to be same for the case of 200Tl.

An oblate shape with deformation β2 ∼ 0.12 has been assumed to calculate Q0. The value of

Ωp and Ωn were taken as 4.5 and 1.5 respectively, corresponding to the occupation of Ω = 9/2

orbital for proton and Ω = 3/2 orbital for neutron. The calculated and measured B(M1)/B(E2)

values are shown in Fig. 6.15. Good match of the experimental and calculated values before

and after band crossing supports the assigned πh9/2 ⊗ νi13/2 configurations of band B1. The

experimental B(M1)/B(E2) values are calculated by the formula :

B(M1; I → I − 1; γ1)

B(E2; I → I − 2; γ2)
=

0.6968E5
γ2

λE3
γ1(1 + δ2)

(
µN

eb
)2, λ =

Iγ2
Iγ1

(6.5)

Where Iγ1(γ2) is the intensity of the transition γ1(γ2) and δ is the mixing ratio of M1 with E2.

6.5.2 Band B2

The band B2 consists of a set of levels which lie very close in energy to the levels in band B1

around the band-crossing region of band B1. The Excitation energy(E) vs spin(I) is shown in

Fig.6.16 for different bands in 200Tl. It is evident from this plot that the excitation energy of

the levels belongs to band B2 lies very close to the main sequence of band B1. In fact some of

the levels in band B2 lie below those in band B1 for the same value of spin. Moreover, several

interconnecting transitions have been observed between these bands. This indicates that the

configurations of these two bands are similar, if not same.

Doubly degenerate bands for the πh9/2 ⊗ νi13/2 band have been reported in the neighboring

odd-odd isotopes of 198Tl and 194Tl[13, 15]. The side bands in those cases were observed in the

lower energy region before the band crossing. In 200Tl, we have not observed any indication of

such bands in the lower energy region, but it is interesting to note the similarities in bands B1
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Figure 6.15: Experimental B(M1)/B(E2) of band B1 before and after band crossing is compared

with that of calculation for two and four quasi-particle (qp) configurations (see text).

and B2 around the band crossing region. However, whether these bands can be considered as

doubly degenerate bands are yet to be confirmed as the side bands are not well developed.

Another possible interpretation for the band B2 can also be given as alignment of a pair of

protons in terms of the alignment of. The πh11/2 alignment has been observed in the odd-A Hg

isotopes 193,195Hg [32, 33] after the neutron pair alignment. However, as the neutron number

increases, the neutron alignment frequency also increases. For 200Tl it may so happen that the

proton and neutron alignment frequency becomes similar as the neutron number approaches

to N = 119. The cranked shell model calculations (discussed in the next section) shows that

the proton pair breaking is expected at a slightly higher rotational frequency of ~ω ∼ 0.4 MeV.

The πh11/2 orbital is also a high-j orbital like νi13/2 and similar to the neutrons, the proton

alignments will also take place in the upper half of the πh11/2 orbital for oblate deformation.

Therefore, the alignment gain for the protons would be similar to those of neutrons as observed.
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Figure 6.16: Spin vs. excitation energy plots of different bands in 200Tl.

6.5.3 Band B3

The band B3 has been assigned as a positive parity band based on 14+ state at 3.3 MeV of

excitation energy. The similarities in excitation energy of this band with band B1, as can be

seen in Fig.6.16, indicates that it should be a four quasi-particle (qp) in nature. This band

has strong decay paths to the band B1. Therefore, the configuration of this band is expected

to have similarities with the band B1. The band head of band B3 suggests involvement of

another negative parity orbital as well as after pair breaking the two nucleon may stay in

different orbitals. In comparison with the similar band observed in 198Tl [34] and the available

single particle levels near the Fermi surface, the configuration of the band B3 is assigned as

πh9/2 ⊗ νi−2
13/2ν(f5/2p3/2). It may be noted here that the spin and the excitation energy of the

band head of this band in 198Tl was observed at lower values. In the present work, we have

not observed the lower spin members of this band. The alignment plot in Fig.6.12 shows that

this band has about 4~ of additional alignment than the 2-qp band B1 but the alignment gain
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is little bit less compared to the 4-qp part of band B1 which is interpreted as the alignment of

a pair of neutrons in the i13/2 orbital in band B1. It, therefore, suggests that the out of the

two additional neutrons in this 4-qp band, one of them should be in a low-j orbital and hence

supporting the assigned configuration.

6.5.4 Band B4

The sequence B4 does not represent a well-formed rotational band. It can be seen from Fig.6.16

that this band remains within the 2-qp part of the main band. The 8+ state in 200Tl can be

obtained from the coupling of πd3/2 and νi13/2 with the ground state in 198Hg. The πd3/2 state

in 199Tl is situated at 367 keV excitation energy and the νi13/2 state in 199Hg at 532 keV. The

886.0 keV excitation energy of the 8+ state in 200Tl is in excellent agreement with the sum of

these two excitation energies (367 + 532 = 899 keV ). Moreover, the 5/2+ state corresponding

to the πd5/2 orbital in 199Tl is situated about 350 keV above its πd3/2 state. The excitation

energy of the second 8+ state in 200Tl is close to this. Therefore, the possible configuration of

the two 8+ states in 200Tl is π(d3/2, d5/2)⊗ νi13/2.

6.5.5 Other states and structures

A sequence of levels starting with the 7− state at 1023.6 keV has been observed up to 9− state.

Assuming a rotational structure, an aligned angular momentum of about 3~ has been obtained

for this structure. The most probable configuration for this structure would be πh9/2⊗νi13/2 but

involving the Ω = 9/2 and 5/2 orbitals in proton and neutrons, respectively. The configuration

of the 12− state at about 2071.7 keV in 200Tl can be assigned from the coupling of the low-lying

states in 200Tl with the two neutron state in 198Hg [35]. The first observed negative parity band

head in 198Hg is a 5− state at 1.6 MeV of excitation energy with a configuration of νi13/2νp3/2.

The configuration of the 12− state at 2071.7 keV in 200Tl can be assigned as the coupling of its

7+ state (configuration πs1/2⊗νi13/2) with the 5− state in 198Hg. This state can also be formed

from the two maximally aligned quasi-particles in πh11/2 and νi13/2 orbitals. It was predicted

177



to be at about 1.7 MeV in the neighboring isotope 198Tl [10] for a deformation of β2 ∼ 0.15. A

tentatively 12− state observed in the same nucleus 198Tl at an excitation energy of 1736.0 keV

might corresponds to this state [34]. However, no well developed rotational band structure

observed on top of this band in either of the nuclei, although the similar configuration yielded

very well developed band structures in 190−194Au nuclei [36].

6.6 TRS calculations

In order to have information on the different deformations of the band structures in 200Tl, the

Total Routhian Surface (TRS) calculations were carried out by the Strutinsky shell correction

method using deformed Woods-Saxon potential. In the TRS method, the calculation of the

single particle shell energies are performed considering Lipkin-Nogami pairing [37, 38, 39, 40].

For all of these calculations, the universal parameter set was used [41]. The Routhian energies

(ETRS) were calculated in (β2, γ, β4) deformation mesh points with minimization on β4. The

detailed outline of the calculation procedure is described in the Ref. [43]. The Routhian

(potential) surfaces are plotted in the conventional β2 − γ plane.

The TRS plot for the πh9/2⊗νi13/2 band with band head of 8− in 200Tl is shown in Fig. 6.17(left

panel) for the rotational frequency of ~ω = 0.0 MeV i.e. in lower spin. It can be seen from the

figure, that a minimum occurs at an oblate deformation (γ = −60◦), similar to those calculated

for the neighboring isotopes 194,198Tl for the same configuration [9]. However, the value of

deformation parameter β2 = 0.13 obtained for the yrast band in 200Tl is slightly less compared

to the lighter Thallium isotopes for which β2 ∼ 0.15 was obtained. The similarities in the

calculated deformations for the odd-odd Tl isotopes corroborate well with their alignment and

staggering patterns. The nice minimum observed in the TRS calculations at oblate deformation

continues to stay upto the rotational frequency of ~ω = 0.30 MeV. At higher frequencies, the

intense minima at oblate shape, disappears and the surfaces become γ−soft with larger (β2

value) deformation. For this configuration, this γ−softness continues even at higher rotational

frequencies of ~ω = 0.50 MeV beyond the experimental band crossing (observed at a rotational
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Figure 6.17: Total Routhian Surface (TRS) calculations for the band B1 with configuration

of πh9/2 ⊗ νi13/2 in 200Tl for (a) rotational frequency ~ω = 0.0 MeV (left panel) and for (b)

rotational frequency ~ω = 0.0 MeV.(right panel) γ = 0◦ and γ = −60◦ lines correspond to

prolate and oblate deformations, respectively. The contours are in 400 keV apart from each

other.

frequency of ~ω = 0.34 MeV) in this band. A typical TRS plot at higher rotational frequency

of ~ω = 0.45 MeV for this configuration is shown in Fig. 6.17(right panel). It indicates that

the nucleus 200Tl becomes γ−soft after the band crossing.

For the 7− (π9/2−[505]⊗ ν5/2+[642]) state at 1023.6 keV excitation energy we have performed

configuration-constrained potential energy surface calculations which is shown in Fig. 6.18(a).

In the calculations the given orbits are tracked and blocked using the average Nilsson number

technique [42]. The minimum, in this case occurs almost at the same deformation as in band

B1 at β2 = 0.12 and γ = −60◦. However, the energy at the minimum is somewhat higher than

the minimum obtained for band B1 at low rotational frequency. With increasing rotational

frequency the energy difference increases and the higher spin states in the 7− band quickly

become non-yrast. This is the possible reason for the non-observation of the higher spin states

of this 7− band.
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(a) 

(b) 

Figure 6.18: (a)Calculated configuration-constrained potential energy surface for the 7− state

with the configuration of π9/2−[505]⊗ ν5/2+[642] in 200Tl. (b) Total Routhian Surface (TRS)

calculations for the πh9/2 ⊗ νi−2
13/2 (f5/2p3/2) 4-qp configuration corresponding to the band B3

in 200Tl at the rotational frequency ~ω = 0.11 MeV. The contours are in 400 keV interval.

The TRS plot for band B3 with the 4-qp configuration of πh9/2 ⊗ νi−2
13/2ν (f5/2p3/2) is shown

in Fig. 6.18(b). This plot shows that a minimum occurs at a triaxial deformation with the

triaxiality parameter γ ∼ 40◦ and with β2 ∼ 0.14. A second minimum, is also appears in the

TRS plot, within an energy gap of about 500 keV along the oblate (γ ∼ −60◦) axis with a

slightly less deformation of β2 ∼ 0.12.

The single particle Routhians are calculated for proton and neutrons in 200Tl and also plotted

for two deformation parameters corresponding to bands B1 and B3 in Fig. 6.19 and Fig. 6.20,

respectively as a function of rotational frequency ~ω. It can be seen from Fig. 6.19 that the

second crossing of neutron positive parity orbital (originated from νi13/2 orbital) takes place at

a rotational frequency of about ~ω = 0.35 MeV. This crossing is responsible for the observed

band crossing in band B1 at 16− spin. The crossing frequency found from the TRS calculation

is in very good agreement with the experimentally observed band crossing frequency of band

B1 (see Fig. 6.12). The slope of a Routhian in Fig 6.19 and 6.20 provides the aligned angular
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Figure 6.19: Plots of single proton (left) and single neutron (right) Routhians of 200Tl as

a function of rotational frequency ~ω for deformation parameter β2 = 0.12 and γ = −60◦

(corresponding to the calculated deformation of band B1). Solid (green) and dotted (cyan) lines

correspond α = +1/2 and α = −1/2 signature partners, respectively, for the positive parity

orbitals while large-dashed (pink) and dashed (red) lines correspond to the same signature

partners for the negative parity orbitals.

momentum corresponding to that orbital and subsequently, gives the gain in alignment if the

observed band crossing corresponds to the particle alignment in that orbital. The slope of the

neutron Routhians in Fig. 6.19, corresponding to the alignment of band B1, gives the alignment

gain of 6.6~ which is in excellent agreement with the experimentally observed gain in alignment

of band B1.
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Figure 6.20: Same as Fig.6.19 but for deformation parameter β2 = 0.14 and γ = 40◦ corre-

sponding to the calculated deformation of band B3. Left panel is for single proton Routhians

and the right panel is corresponding to neutrons.

The single proton Routhians, shown in Fig. 6.19(left panel) indicates that the proton crossing

takes place at a rotational frequency of about ~ω ∼ 0.4 MeV, which is slightly higher compared

to the neutron crossing frequency (~ω ∼ 0.35)showed in the Fig. 6.19 (right panel) and also

compared to the experimentally observed crossing frequency. However, it should be noted

that the slope of the Routhians for the protons and the neutrons are very similar as has been

observed for bands B1 and B2. Therefore, the band B2 might be inferred as the proton pair

alignment.

The calculated single particle Routhians for protons and neutrons corresponding to the defor-

mation of band B3 in 200Tl are shown in Fig. 6.20 as a function of rotational frequency. The
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proton crossing takes place at rotational frequency of ~ω ∼ 0.26 MeV, for the deformation cor-

responding to the band B3, where as the neutron crossing takes place at much higher frequency

as shown in Fig. 6.20 right panel. The proton crossing frequency is in good agreement with

the observed crossing frequency of band B3 at ~ω ∼ 0.22 MeV. Therefore, the band crossing

in this band is originated due to the alignment of a pair of protons in negative parity orbital.

The slope of this Routhian plots indicates an alignment gain of about 4~ and the observed

alignment gain for band B3 seems to approach this value as shown in Fig. 6.12.

6.7 Summary

High spin states in 200Tl have been populated by using the fusion evaporation reaction

198Pt(7Li,5n) at the beam energy of 45 MeV at BARC-TIFR Pelletron facility and studied

by γ ray coincidence spectroscopic techniques using the INGA setup of 15 clover HPGe detec-

tors. The level scheme of 200Tl has been extended significantly, up to the excitation energy

of ∼ 5.2 MeV and spin of 22~, through the observation and placement of 60 new transitions

in the level scheme. To assign the spin and parity of the state, DCO, IPDCO and Angular

Distribution measurements have been carried out. A few band structures involving the intruder

πh9/2 and high-j neutron orbitals have been observed in this odd-odd nucleus. The systematics

of the 200T l are compared with the band structures in the other odd-odd Tl isotopes. It has

been observed that upto N = 119, remarkable similarity in the πh9/2 ⊗ νi13/2 band in odd-odd

Tl nuclei continues to persists. The shape and band crossing phenomena are discussed in the

light of the cranking model calculations with Woods-Saxon potential. Oblate deformation is

obtained for the 2-qp bands in 200Tl while interestingly, the 4-qp band seems to have a triaxial

deformation from the TRS calculations. The band crossing frequencies and the alignment gains

in these bands are well reproduced by the cranking calculations. The calculations also predict

that the πh9/2 ⊗ νi13/2 band becomes γ-soft after the band crossing due to the alignment of a

pair of neutrons in νi13/2 orbital. It would be interesting to extend the 4-qp bands to higher

rotational frequencies to compare their shape and alignment gains.
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